a2 United States Patent

US009096482B2

(10) Patent No.: US 9,096,482 B2

Smith et al. 45) Date of Patent: Aug. 4, 2015
(54) CATALYTIC REVERSE (56) References Cited
DISPROPORTIONATION OF PARAFFINS
USING IONIC LIQUIDS U.S. PATENT DOCUMENTS
. . 5,233,121 A 8/1993 Modica
(71)  Applicant: UOP LLC, Des Plaines, IL (US) 5,750,455 A 5/1998 Chauvin et al.
6,235,959 Bl 5/2001 Hirschauer et al.
(72) Inventors: Stuart Smith, Lake Zurich, IL (US); g%%%gé Eé ggggé Ig/[emeth ett ﬂ'
) ) unson € .
Alakananda Bhattacharyya, Glen 6,797,853 B2 9/2004 Houzvicka et al.
Ellyn, IL (US); Joel T. Walenga, Lake 7,053,261 B2 5/2006 Herbst et al.
Zurich, IL (US); Hayim Abrevaya, 7,285,698 B2 10/2007 Liuetal.
Kenilworth, IL, (US) 7,432,408 B2  10/2008 Timken et al.
7.432,409 B2  10/2008 Elomari et al.
7,482,501 B2 1/2009 Leit t al.
(73) Assignee: uop LLC, Des Plaines, IL (US) 7,495,144 B2 2/2009 Ele(l)rrrllz_rrie
7,531,707 B2 5/2009 Harris et al.
(*) Notice: Subject to any disclaimer, the term of this ;’?g%’j g g% g; %81 é SOldntla? etal.
%atselg ils SZ)((SILde((l) o es‘dju“ed under 35 §187.994 B2 32012 Haris
o Y Ve (Continued)
(1) Appl. No.: 14/303,586 FOREIGN PATENT DOCUMENTS
(22) Filed: Jun. 12, 2014 EP 1346768 Bl 9/2003
EP 2520558 Al 11/2012
(65) Prior Publication Data (Continued)
US 2015/0005556 A1 Jan. 1, 2015 OTHER PUBLICATIONS
Huibin et al., “Reaction performance and . . . ,” Catalysis Communi-
cations, v 12, n 3, p. 180-183, Nov. 30, 2010.
Related U.S. Application Data (Continued)
(60) Provisional application No. 61/841,263, filed on Jun. . .
28, 2013. Primary Examiner — Thuan D Dang
(57) ABSTRACT
(51) Imt.ClL A reverse disproportionation reaction of two hydrocarbon
Co7C 6/08 (2006.01) feeds allows production of a reaction mixture containing
Co7C 6/10 (2006.01) products with intermediate carbon numbers. The amount ofat
(52) U.S.CL least one of the products with intermediate carbon numbers is
CPC oo C07C 6/10 (2013.01)  equal to or greater than the amount formed from dispropor-
(58) Field of Classification Search tionation of the hydrocarbon alone. A reverse disproportion-
USPC oo 585/708  ation reaction mixture is also described.

See application file for complete search history.

14 Claims, 6 Drawing Sheets

[~ 135

75|




US 9,096,482 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

8,198,494 B2 6/2012 Elomari et al.
8,198,499 B2 6/2012 Luo et al.
8,222,471 B2 7/2012 Elomari et al.
8,247,628 B2 8/2012 Hommeltoft et al.
8,288,601 B2  10/2012 Hommeltoft et al.
8,319,001 B2 11/2012 Hommeltoft

2003/0109767 Al
2003/0181780 Al
2003/0196931 Al
2004/0059173 Al
2005/0033102 Al
2008/0021254 Al*
2009/0171133 Al
2011/0105811 Al
2011/0105820 Al
2011/0137098 Al
2011/0184219 Al
2011/0319693 Al
2011/0319694 Al
2012/0165590 Al
2012/0165593 Al
2012/0172647 Al
2012/0178982 Al
2012/0264605 Al
2012/0282150 Al
2013/0062253 Al
2013/0066121 Al
2013/0066130 Al

6/2003 Vasina et al.
9/2003 Herbst et al.
10/2003 Houzvicka et al.
3/2004 Houzvicka et al.
2/2005 Randolph et al.
1/2008 Schmidtet al. ............... 585/702
7/2009 Luo et al.
5/2011 O’Rearet al.
5/2011 Harris
6/2011 Tschirschwitz et al.
7/2011 Timken et al.
12/2011 Hommeltoft et al.
12/2011 Timken et al.
6/2012 Liu et al.
6/2012 Liu et al.
7/2012 Liu et al.
7/2012 Liu et al.
10/2012 Rogers et al.
11/2012 Timken et al.
3/2013 Timken
3/2013 Zhan et al.
3/2013 Luo et al.

FOREIGN PATENT DOCUMENTS

EP 2597078 Al 5/2013

JP 2011098924 A2 5/2011

WO WO 00/40673 7/2000
OTHER PUBLICATIONS

Zinurov et al., “Skeletal Isomerization of . .
v 50,n 5, p. 376-380, Sep. 2010.

Petre et al., “Dodecylbenzene transformations: Dealkylation
and ...,” Applied Catalysis A: General, v 363, n 1-2. p. 100-108, Jul.
1, 2009.

Schmidt et al., “Disproportionation of Light Paraffins,” Energy and
Fuels, v 22, n 3, p. 1812-1823, May/Jun. 2008.

Shi et al., “Influence of initiators on . . . ,” Journal of Fuel Chemistry
and Technology. v 36, n 3, p. 306-310, Jun. 2008.

.,” Petroleum Chemistry,

Shi et al., “Isomerization of normal hexane . . . ,” Ranliao Huaxue
Xuebao/Joumal of Fuel Chemistry and Technology, v 36, n 5, p.
594-600, Oct. 2008.

Ibragimov et al., “Isomerization of Light Alkanes . . . ,” Theoretical
Foundations of Chemical Engineering (2013), 47(1), 66-70.

Berenblyum et al., “The nature of catalytic activity . . . ,” Applied
Catalysis, A: General (2006). 315, 128-134.
Déotterl et al., “Catalytic coupling and cracking . . . ,” Catalysis

Communications (2012), 19, 28-30.

Vasina et al., “Effect of Adamantane-Containing Additives . . . ,”
Russian Journal of Physical Chemistry A (2013), 87(1), 20-22.
Liuetal., “Alkylation of isobutane/butene with . . . ,” Huaxue Fanying
Gongcheng Yu Gongyi (2004), 20(3), pp. 229-234.

Huang et al., “Alkylation of isobutane with butene in . . . ,” Shiyou
Daxue Xuebao, Ziran Kexueban (2003), 27(4), pp. 120-122.

Huang et al., “Alkylation of isobutane with butene . . . ,” Shiyou
Lianzhi Yu Huagong (2002), 33(11), pp. 11-13.

Liuetal., “Isobutane alkylation catalyzed by composite . . . ,” Ranliao

Huaxue Xuebao (2006), 34(3), pp. 328-331.

Liu et al., “Isobutane alkylation over ionic . . . ,” Huaxue Fanying
Gongcheng Yu Gongyi (2009), 25(4), pp. 311-317.
Liu et al., “Research progress of ionic liquids . . .
(2010), 32(12), pp. 1085-1088.

Liu et al., “Study on the Alkylation of . . .
24(3), pp. 217-221.

Liu et al., “Ionic liquid alkylation process . . . ,
(2006), 104(40), pp. 52-56.

Meyer et al., “Effective n-octane isomerization . . . ,” Chemical
Communications (Cambridge, United Kingdom) (2010), 46(40), pp.
7625-76217.

Shiriyazdanov et al., “Alkylation of isobutane by the butane-
butene . . . ,” Theoretical and Experimental Chemistry (2011), 47(1),
pp. 45-48.

Shengwei et al., “Improved 1-butene/isobutane alkylation . . . ,
Journal of Catalysis (2009), 268(2), pp. 243-250.

Xing et al., “Chlorogallate(IIl) ionic liquids: Synthesis, acidity . . .,”
Science China: Chemistry (2012), 55(8), pp. 1542-1547.

,” Huaxue Shiji
,” Fenzi Cuihua (2010),

” Oil & Gas Journal

”

Xing et al., “Isobutane alkylation using acidic ionic . . ., ” Catalysis
Communications (2012), 26, pp. 68-71.

Yoo et al., “Tonic liquid-catalyzed alkylation of . . . ,” Journal of
Catalysis (2004), 222(2), pp. 511-519.

Yoo at al., “Preparation and Characterization of . . .,” AIChE Annual

Meeting, Conference Proceedings, Cincinnati, OH, United States,
Oct. 30-Nov. 4, 2005, 289i/1-289.

Zhang et al., “Isomerization of n-Pentane Catalyzed by .
Industrial & Engineering Chemistry Research (2008), 47(21) pp
8205-8210.

”

* cited by examiner



U.S. Patent Aug. 4, 2015 Sheet 1 of 6 US 9,096,482 B2

CHzg H3C CH3 H3C CHa
CH3 HaC CHs
FIG. 1

HBC\/\/CHg ch\/LCHS

FIG. 2



U.S. Patent Aug. 4, 2015 Sheet 2 of 6 US 9,096,482 B2

HaC CHa HaC CHg H3G CH3
Y + \ﬂ/ W
HaC
CH3 CHo 3 CHz CH3
100
A < 70 425
190 )j/\ma
160
110
105 ] — 115
) L. (. ———
112§ — 165
)
155  |a
S W — 135
175~ |




U.S. Patent Aug. 4, 2015 Sheet 3 of 6 US 9,096,482 B2

100 170

- 125
150 )//\?40

160 \
210 )
205 )L e L 120 \/;gg 145
4)—> _>
——
105 110 — 775
) ! > ——
_)__>
155 | l
S Y — 135
1756~




U.S. Patent Aug. 4, 2015 Sheet 4 of 6 US 9,096,482 B2

40

—-iC5,95° C
== (4,95 C
—- C6P.95° C
- C7+85°C
* nC4,85° C
*- C3-,85° C
—+ nC5,95° C

wt. % of the Reaction Mixture

¢ RON

m wi % CH5+
s
= *nm s
| e
o .. 2
+ 85 T e

0.
& +
& S
. )
*
75 R

000 200 400 600 800 1000 12.00
2MP / iC4 Ratio

FIG. 8



US 9,096,482 B2

Sheet 5 of 6

Aug. 4, 2015

U.S. Patent

199 Ay

Evo

STARY

ARY

6 Ol
H/O
GLt°0

Y

S0v°0

G6e°0

T4

0G

Gl

001

o, SIOU



US 9,096,482 B2

Sheet 6 of 6

Aug. 4, 2015

U.S. Patent

WX 480
XTI LD e
1% 499
10X 6D e N
WX PO w

Ol ©Old

H/O
GEVO V0 G0 Z¥Y0 SLvo Lo GOP0

¥0

x

|

0%

d83 —

7

00L

9, SO



US 9,096,482 B2

1
CATALYTIC REVERSE
DISPROPORTIONATION OF PARAFFINS
USING IONIC LIQUIDS

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/841,263, entitled “CATALYTIC
REVERSE DISPROPORTIONATION OF PARAFFINS
USING IONIC LIQUIDS,” filed Jun. 28, 2013.

BACKGROUND OF THE INVENTION

The Reid vapor pressure (RVP) of gasoline has been uti-
lized by the Environmental Protection Agency as a means of
regulating volatile organic compounds emissions by trans-
portation fuels and for controlling the formation of ground
level ozone. As these regulations become more stringent and
as more ethanol (which has a high vapor pressure) is blended
into gasoline, C paraffins need to be removed from the gaso-
line pool. Moreover, the need to remove components may
also extend to some Cg paraffins. This may result in refiners
being oversupplied with C, paraffins and possibly C, paraf-
fins.

Disproportionation reactions offer a possible solution to
this problem. The disproportionation of paraffins (e.g., iso-
pentane (iCs)) involves reacting two moles of hydrocarbon to
form one mole each of two different products, one having a
carbon count greater than the starting material and the other
having a carbon count less than the starting material, as shown
in FIG. 1. The total number of moles in the system remains the
same throughout the process, but the products have different
carbon counts from the reactants. Additional secondary dis-
proportionation-type reactions can occur in which two hydro-
carbons having different carbon numbers react to form two
different hydrocarbons having different carbon numbers form
those of the feed where the total number of carbons in the
products does not change from the total number in the feed
(e.g., pentane and octane reacting to form hexane and hep-
tane).

There are a number of different catalysts that have been
shown to produce the desired paraffin disproportionation
reaction, including zeolites, sulfated zirconias, AlCL,/SiO,,
ionic solids, platinum on chlorided Al,0,/Ga,O, supports,
supported ionic liquids, Pt/W/AlL,O, and HF/TiF . However,
these processes have a number of disadvantages. The pro-
cesses using zeolites, sulfated zirconias, AlCl,/SiO,, ionic
solids, and platinum on Al,0,/Ga,O; supports require
elevated temperatures (e.g., 120-450° C.) to carry out the
transformation. The HF/TiF , system is capable of dispropor-
tionation at 51° C., but it utilizes dangerous HF. The sup-
ported ionic liquid is active from about 85-125° C. and is
composed of the Bransted acidic trimethylammonium cation.
Since the ionic liquid’s organic cation is composed of this
Brensted acid, the acid concentration within this catalyst is
stoichiometric with respect to the ionic liquid and quite high.
Moreover, the supported ionic liquid is deactivated by leach-
ing of the ionic liquid from the support. Additionally, the use
of a support increases the cost of the catalyst and may result
in a chemical reaction of the support with the acidic ionic
liquid over time, as happens when AICl; is immobilized on
silica.

Isomerization processes have been used to improve the low
octane numbers (RON) of light straight run naphtha. Isomer-
ization processes involve reacting one mole of a hydrocarbon
(e.g., normal pentane) to form one mole of an isomer of that
specific hydrocarbon (e.g., isopentane), as shown in FIG. 2.
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The total number of moles remains the same throughout this
process, and the product has the same number of carbons as
the reactant.

Current isomerization processes use chlorided alumina,
sulfated zirconia, or zeolites in conjunction with platinum.
Process temperatures range from about 120° C. for chlorided
alumina up to about 260° C. for zeolite type catalysts. These
reactions are run at temperatures which allow the feed to
reach equilibrium. At lower temperatures, the equilibrium
favors the branched isomers possessing the higher octane
number.

Isomerization processes utilizing ionic liquids have been
developed. For example, US 2003/019767 describes an
isomerization process for a paraffin hydrocarbon feed using
anionic liquid as a catalyst. The ionic liquid is formed from an
N-containing heterocyclic and/or N-containing aliphatic
organic cation and an inorganic anion derived from metal
halides. The examples show a catalyst:hydrocarbon weight
ratio of 1:1 or 1.5:1. The hydrocarbon feeds examined were
normal pentane, normal heptane, normal octane, and 3-me-
thylhexane.

US 2004/059173 teaches an isomerization process for lin-
ear and/or branched paraffin hydrocarbons. The catalyst com-
prises an ionic liquid. Over 25 wt. % of a cyclic hydrocarbon
additive is included. The ionic liquid is formed from an
N-containing heterocyclic and/or N-containing aliphatic
organic cation and an inorganic anion derived from metal
halides. The ionic liquid:hydrocarbon ratio in the examples is
fixed at 1:1 volume ratio. Metal salt additives or Brensted
acids can be included. The feed is a mixture of C,, hydrocar-
bons.

U.S. Pat. No. 7,053,261 discusses isomerization of linear
and/or branched paraftin hydrocarbons using an ionic liquid
catalyst in combination with a metal salt additive. The ionic
liquid is formed from an N-containing heterocyclic and/or
N-containing aliphatic organic cation and an inorganic anion
derived from metal halides. The ionic liquid:hydrocarbon
ratio in the examples is fixed at 1:1 volume ratio. The results
of the gas chromatograph on the paraffin phase were not
reported. The feed is a mixture of C, hydrocarbons.

All of these references describe isomerization of the feed;
none describes disproportionation reactions. All of the refer-
ences describe the use of ionic liquids having an acid concen-
tration of at least about 3.0 M. The Brensted acidic ionic
liquid used in US Publication 2003/0109767 was [trimethy-
lammonium|[Al,Cl,], which has a molar concentration of
HC that ranges from 3.0-4.1 M if the density is in the range
of 1.1 to 1.5 g/mL. For US Publications 2004/0059173 and
U.S. Pat. No. 7,053,261 the Breonsted acidic ionic liquid used
was [trimethylammonium][Al, Cl; ,], which has a molar
concentration of HCI that ranges from 3.3-4.5 M if the density
is in the range of 1.1 to 1.5 g/mL. These estimated densities
are within the ranges measured for similar ionic liquids.

None of the references indicate the composition of the
product mixture; as a result, it is unclear what was actually
formed in the reactions. Assuming that all of the other prod-
ucts were disproportionation products (which is unlikely to
be correct as Ibragimov et al. teach that cracking occurs in
addition to disproportionation (see below), but it sets an upper
limit on the greatest possible conversion, yield, etc. for the
disproportionation products). The conversion rates corrected
for mass or volume were calculated as follows: using the
reported iso-selectivity, the selectivity to other compounds
was calculated as (100-iso-selectivity). The % conversion
was determined from the reported %-iso yield and % iso-
selectivity. The % conversion thus determined was used to
determine the reaction rate by the following formula: volume
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rate=(% conversion/time (h))x(mL. HC/mL IL) or as mass
rate=(% conversion/time (h))x(g HC/g IL). The % conversion
was then used with the computed selectivity to other com-
pounds to set an upper limit on the yield of disproportionation
products. The yield of the other compounds and yield of
isomers was then calculated using the calculated selectivity to
other compounds and the total yield. Since the reaction rate is
dependent on the ratio of ionic liquid:hydrocarbon, the rates
were corrected according to these ratios.

With respect to US 2003/0109767, the corrected conver-
sion rates for mass were very low. For n-C,, the corrected
conversion rate for mass ranged was between 3.5 and 18.2.
Forn-C,, itranged from 2.6 t0 9.3, for n-Cy, it was 3.3, and for
3-methylhexane, it was 4.7. For US 2005/059173, the cor-
rected conversion rates for volume ranged from 0.6 t0 47.1 for
the C, mixture. For U.S. Pat. No. 7,053,261, the corrected
conversion rates for volume ranged from 5.4 to 371.3 in the
presence of an additional metal salt.

Isomerization is also described in “Isomerization of Light
Alkanes Catalysed by lonic Liquids: An Analysis of Process
Parameters,” Ibragimov et al., Theoretical Foundations of
Chemical Engineering (2013), 47(1), 66-70. The desired
reaction is stated to be isomerization, and the main isomer-
ization products from n-hexane are said to isobutane, isopen-
tane, and hexane isomers. However, isobutane and isopentane
are not the isomerization products of n-hexane as isomeriza-
tion has been defined above. In addition, the article discusses
the fact that a significant amount of an undesirable dispropor-
tionation reaction begins to occur after about 2-3 hrs. The
article indicates that the disproportionation reaction domi-
nates when the ratio of catalyst to hydrocarbon ratio is 2:1,
and that cracking and disproportionation dominate at 333K.
Because cracking is occurring, the number of moles formed is
increased. The optimum isomerization temperature was
303K. The maximum volume rate they obtained was 26 at
their high mixing speeds (900 rpm or more) at 0.5 hr.

Some processes involve isomerization and then a cracking
reaction in which one mole of a hydrocarbon forms two moles
of'product, each with a lower carbon number than the starting
material. In FIG. 3, the products are illustrated as an alkene
and an alkane. Additionally, the total number of moles
increases throughout the process.

Alkylation processes involving ionic liquids are also
known. In alkylation reactions, one mole of an alkane and one
mole of an alkene react to form one mole of an alkane having
a carbon number equal to the sum of the carbon numbers of
the starting alkane and alkene, as shown in FIG. 4. In an
alkylation process, the total number of moles in the system is
reduced.

There is aneed for methods of controlling the product feeds
to obtain desired product compositions.

SUMMARY OF THE INVENTION

One aspect of the invention is a hydrocarbon conversion
process. In one embodiment, the process includes reverse
disproportionating two hydrocarbon feeds, the first hydrocar-
bon feed comprising one or more C, alkanes and the second
hydrocarbon feed comprising one or more C,, alkanes, where
n=1-198, m=3-200, and m-n=2 or more, by contacting the
first and second hydrocarbon feeds with a liquid catalyst in a
reaction zone under reverse disproportionation conditions to
form a product mixture comprising at leastone C, ., to C,,_,
alkanes, wherein an amount of at least one of the C, ,, to C,,_,
alkanes in the product mixture is greater than an amount of the
atleastone C,,,, to C,,_, alkanes formed from disproportion-
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ating the C,, alkane or C,, alkane alone, wherein the liquid
catalyst comprises an ionic liquid and carbocation promoter.

Another aspect of the invention is a reverse disproportion-
ation reaction mixture. In one embodiment, the reverse dis-
proportionation reaction mixture is of two hydrocarbon feeds,
the first hydrocarbon feed comprising one or more C,, alkanes
and the second hydrocarbon feed comprising one or more C,,
alkanes=1-198, m=3-200, and m-n=2 or more, and a liquid
catalyst comprising an ionic liquid and a carbocation pro-
moter, the reverse disproportionation reaction mixture com-
prising at least one C, ,, to C,,_; alkanes, wherein an amount
of at least one of the C,,, to C,,_; alkanes in the product
mixture is greater than an amount of the at least one C, ., to
C,,_; alkanes formed from disproportionating the C,, alkane
or C,, alkane alone.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the disproportionation reaction of iso-
pentane.

FIG. 2 illustrates the isomerization reaction of n-pentane.

FIG. 3 illustrates a cracking reaction of n-pentane.

FIG. 4 illustrates an alkylation reaction of isobutane and
isobutene.

FIG. 5 is a schematic of one embodiment of the process of
present invention.

FIG. 6 is a schematic of one embodiment of the process of
present invention.

FIG. 7 is graph showing the concentration of components
in a disproportionation reaction mixture of isopentane over
time.

FIG. 8 is a graph showing the weight of C5, products and
RON at various feed ratios of 2-methylpentane/isobutane if
the reaction were to be run to equilibrium and were to include
only isopentane, 2-methylpentane and isobutane as the com-
ponents present.

FIG. 9 is a graph of the equilibrium composition (in mole
%) of C, to Cg paraftins as a function of the C/H ratio at 100°
C

FIG. 10 is a graph comparing the calculated equilibrium
composition (in mole %) of C, to Cq paraffins as a function of
the C/H ratio at 100° C. compared to the experimental data on
the mole % distribution of the C4+ fraction.

DETAILED DESCRIPTION OF THE INVENTION

Paraffins have a wide range of properties which makes
some paraffin isomers more valuable than others. For
example, isobutane has an RON of 100 and an RVP of 71 psi,
while normal pentane has an RON of 62, and an RVP of 15.6
psi. This dramatic difference in properties leads to differences
in refiners’ valuation of various products depending on their
location, the source of crude oil, and their desired product
specifications. Constantly changing product demands some-
times result in too much of a less desirable product and too
little of a more desirable one, resulting in increased prices for
the more desired product. Furthermore, an excess of a par-
ticular feed can lead to a lower price for that feed.

It would be desirable to have a process that allows a refiner
to select a particular desired product preferentially, such as
gasoline, diesel, kerosene, or some other paraffin containing
product, depending on the market situation at a particular
time and to shift easily from one product to another as the
demand changes. In addition, it would be desirable to be able
to select the feed used in the process to produce a desired
product based on the available supply of possible feeds,
allowing maximization of the use of lower price feeds. The
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product composition can be tuned by varying the types and
amounts of different feeds. The process utilizes one or more
of disproportionation, reverse disproportionation, and
isomerization of the selected feed to form the desired product.

It has been demonstrated that an acidic ionic liquid and a
carbocation promoter can catalyze the disproportionation of
paraffins, as discussed below. In this reaction, two moles of a
paraffin are used to create one mole each of two different
paraffins, one larger in carbon count and one smaller than the
starting paraffin. For example, pentane can be converted to a
product mixture containing butane and hexane.

Reverse disproportionation involves the microscopic
reverse of the disproportionation reaction, for example, in
which one mole of hexane and one mole of butane react to
form two moles of pentane. Utilizing the equilibrium among
the various species, the concentration of the product can be
controlled by varying the relative ratios of the species. Con-
sequently, two different paraffinic feed sources of varying
carbon count can be reacted to obtain a product of interme-
diate carbon count.

More generally, this process involves the net transfer of
CH, units between paraffins, where CH, unit refers to the
transfer of 1C and 2H, not necessarily a methylene unit. The
products result from the donation and acceptance of net CH,
units to and from various paraffins. Thus, two paraffinic feeds
having different carbon counts can be reacted to produce a
product having an intermediate carbon count. For example,
the reaction of butane with a larger paraffin, e.g., C4, pro-
duces a product containing paraffins in the C; to C, 5 range.

In addition to the net CH, transfer, the process favors the
formation of branched paraffins, which are more valuable
than normal paraffins because they have more desirable
octane numbers and cloud points.

The Gibbs free energy for these types of reactions is rela-
tively small. Consequently, the equilibrium constants for
these reactions are not substantially large or small for any
given reaction. Due to these modest equilibrium constants, at
equilibrium, measurable amounts of both reactant and prod-
uct will be formed. As shown in FIG. 7, an equilibrium
appears to have been reached among butanes, pentanes, hex-
anes and C,, paraffins in the disproportionation reaction of
isopentane. The estimated equilibrium constant for the spe-
cific disproportionation reaction of two moles of isopentane
to one mole of isobutane and one mole of 2-methylpentane is
Keq=0.3 based on the enthalpy of formation and the molar
entropy for the reactants and products. The value observed by
gas chromatography was 0.4, which is in good agreement
with the calculated value. Furthermore, the ratio of the prod-
ucts did not change as the reaction time was increased.

The general formula for a paraffin is C,H,,,,,. For any
given paraffin, it can be represented by a C/H molar ratio. For
example, C/H molar ratio for both isobutane and normal
butane is 0.400, while the ratio for isopentane and normal
pentane is about 0.417. Blends of two or more paraffins can
produce C/H molar ratios in the range of about 0.25 to about
0.50.

For a given C/H molar ratio, there exists a specific equilib-
rium mixture. For a given subset of paraffins, there exists a
defined equilibrium composition at a given C/H molar ratio. If
this subset is chosen such that it encompasses the majority of
the measurable products, then this equilibrium composition
for this subset of paraffins can be used to approximate the
composition of the product at the end of a reaction, provided
a catalyst could be identified to carry out this equilibration for
these paraffins. At the specified C/H molar ratio, if a com-
pound is present in excess of its equilibrium concentration,
then it will be consumed. Conversely, if a compound is
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present at less than its equilibrium concentration, it will be
produced. By appropriate selection of feeds, desired com-
pounds can be produced, and undesired compounds can be
consumed.

As illustrated in Table A. Feeds 1 and 2 have the same C/H
molar ratio, 0.406, but they have different starting composi-
tions. Both feeds will produce the same product composition.
With Feed 1, the amounts of the C, and C, paraffins are in
excess of the equilibrium amounts, and so both will be con-
sumed to produce the equilibrium mixture. With Feed 2, the
amount of C, paraffin is in excess of the equilibrium amount,
so it will be consumed, while the amount of C, paraffin is less
the equilibrium amount, so it will be produced.

TABLE A

Compound Feed 1 (mole %) Feed 2 (mole %) Product (mole %)
C4P 90 70 76.5

C5P 0 30 17.9

C6P 0 0 4.7

C7P 10 0 0.8

C8P 0 0 0.1

C/H 0.406 0.406 0.406

FIG. 9 shows a graph of the equilibrium composition (in
mole %) of a subset of paraffins (C, to Cy paraffins) as a
function of the C/H molar ratio. The equilibrium constants for
all of the reactions (isomerization and disproportionation)
were determined using values for an ideal gas at 100° C. from
“The Chemical Thermodynamics of Organic Compounds”
by Daniel R. Stull, Edgar F. Westrum. Jr. and Gerard C. Sinke,
copyright 1969. As demonstrated in FIG. 9, the equilibrium
product composition is a function of C/H ratio of the feed. The
composition listed is for a subset of paraffins; the figure can be
extended to include paraffins larger than Cg and smaller than
C,, if desired. These product compositions represent the equi-
librium composition for specific C/H molar ratios of this
subset of paraffins, provided a catalyst can be identified to
carry out these reactions. Once a catalyst has been identified
that is capable of catalyzing these reactions, the product com-
position will eventually yield the equilibrium composition as
set by the C/H molar ratio. Suitable catalysts include those
capable of catalyzing paraffin disproportionation, reverse dis-
proportionation, metathesis, alkylation and isomerization
reactions. Suitable reaction times are less than about two
days, or less than about one day, or less than about 18 h, orless
than about 12 h. or less than about 6 h, or less than about 5 h.
or less than about 4 h. or less than about 3 h, or less than about
2 h. or less than about 1 h. The use of the catalyst in conjunc-
tion with the known equilibrium composition based on the
molar C/H ratio then allows for selective production and
consumption of specific paraffins. For instance, if a refiner
had an excess of butanes and wished to react these away, the
refiner would identify an acceptable equilibrium product
composition based on the C/H molar ratio, and then react the
butanes with a suitable paraffin such that the predetermined
C/H molar ratio would be achieved. In this manner, the undes-
ired butanes would be upgraded and produce the predeter-
mined acceptable product composition.

FIG. 10 shows a graph comparing the calculated equilib-
rium product composition (in mole %) of C, to Cg paratfins as
a function of the C/H molar ratio to the mole % distribution of
the C4+ fraction in experimental data. The graph shows very
good agreement between the predicted value and the experi-
mental data. The experimental data included in FIG. 10 are
from Examples 10, 17, 18, 22, 26, 27, 30, 32, 33, 35-37.
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Thus, a refiner can select a desired product composition
from the figure (or a corresponding graph including the
appropriate paraffins), and determine the C/H molar ratio
corresponding to that desired product composition. The
refiner may then choose one or more low valued feed streams
to achieve the C/H molar ratio necessary to obtain the desired
calculated equilibrium product composition. In this
approach, the product composition is independent of the com-
position of the feed since it is reacted to equilibrium and the
product composition will be known beforehand. Alterna-
tively a refiner may use the same figure to obtain a desired
product composition that is significantly different from the
equilibrium composition by choosing a feed that is not at its
equilibrium composition and reacting for a period of time
shorter than that required to reach equilibrium. In this
approach, the refiner would be targeting the initial products
formed from the starting material; in this approach, the prod-
uct composition may be dependent on the composition of the
feed.

Although this is a simplified system, an equilibrium con-
stant exists for any combination of paraffins. Once the con-
stants are known, the feed ratios required to obtain specific
compositions of one or more desired products can be deter-
mined. By selecting the appropriate feed compositions and
feed ratios, various product compositions can be obtained.

The reaction can be allowed to proceed to form an equilib-
rium (or substantially equilibrium) product composition, as
described above. By “substantially equilibrium product com-
position.” we mean that the product composition contains 95
wt % or more of the equilibrium product composition for at
least one component as determined by the C/H ratio, or 95 wt
% or more of the equilibrium product composition for at least
two components, or 95 wt % or more of the equilibrium
product composition for at least three components. When
more than one component is considered, the components
have consecutive carbon numbers, e.g., C,, Cs, and C,. While
a component may have reached equilibrium, it is not required
that the isomers of the component have reached their equilib-
rium. For example, the C, component may have reached the
equilibrium concentration, but it may not have reached the
equilibrium for normal butane and isobutane.

In other embodiments, there may be a desire for a non-
equilibrium product composition. By “non-equilibrium prod-
uct composition.” we mean that the product composition con-
tains less than 95 wt % of the equilibrium product
composition for at least one component as determined by the
C/H ratio, or less than 95 wt % of the equilibrium product
composition for at least two components, or less than 95 wt %
of the equilibrium product composition for at least three
components. When more than one component is considered,
the components have consecutive carbon numbers, e.g., C,,
Cs, and C,. For example, a product containing an iC4/nC4
ratio greater than the equilibrium amount may be desired. The
present process allows the production of such desired non-
equilibrium products.

After determining the equilibrium composition of the
selected range of paraffins as a function of C/H molar ratio
and selecting the hydrocarbon feed, the C/H molarratio of the
selected hydrocarbon feed is determined. The equilibrium
composition at the C/H molar ratio for the selected hydrocar-
bon feed is then determined. The selected hydrocarbon feed is
then reacted to form a desired non-equilibrium product com-
position. The reaction is stopped before the equilibrium prod-
uct composition is reached. The product composition can be
monitored to determine the appropriate stopping point to
obtain the desired non-equilibrium composition. Suitable
monitoring methods are known to those of skill in the art and
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include, but are not limited to, gas chromatography (GC), gas
chromatography mass spectrometry (GC-MS) and GCxGC.
The desired non-equilibrium product composition can then
be recovered.

The process can be controlled to obtain a certain desired
property for the product composition. For example, desired
properties could include one or more of research octane num-
ber, boiling point, boiling range, cloud point, pour point,
viscosity, density and Reid vapor pressure. The hydrocarbon
feed would be selected based on the product composition and
the desired property.

In some embodiments, the recovered product is separated
into two or more product streams, for example by boiling
point. In some embodiments, all or a portion of one or more of
the product streams can be recycled back to the reaction zone.
The amount of recycle can be adjusted to maintain a desired
C/H molar ratio of the hydrocarbon stream entering the reac-
tion zone at a particular value.

The ionic liquid can be separated from the product, and
recycled to the reaction zone. The used ionic liquid can be
regenerated before being recycled to the reaction zone as
needed.

In some embodiments, the C/H molar ratio of the selected
hydrocarbon feed is in the range of about 0.25 to about 0.50,
or about 0.30 to about 0.50, or about 0.40 to about 0.50, or
about 0.40 to about 0.49, or about 0.40 to about 0.48, or about
0.40 to about 0.47, or about 0.40 to about 0.46, or about 0.40
to about 0.45, or about 0.40 to about 0.44, or about 0.40 to
about 0.43, or about 0.40 to about 0.42, or about 0.40 to about
041.

Typically, hydrocarbons having a carbon number from
1-200 or more can be selected as feeds for the process.
Depending on the desired product, one or two (or more)
hydrocarbon feeds could be selected.

In some embodiments involving reverse disproportion, one
larger and one smaller paraffin feed can be used to produce a
product composition having an intermediate carbon count.
The smaller feed typically has carbon numbers ranging from
1-198, and the larger feed typically has carbon numbers rang-
ing from 3-200. There is generally a difference of at least 2 or
more carbon numbers between the two feeds, or at least 3, or
at least 4, or at least 5, or at least 6 or more. In some embodi-
ments involving reverse disproportionation, the reaction mix-
ture has an amount of at least one of the intermediate products
equal to or in excess of the amount formed by the dispropor-
tionation reaction of either feed alone.

By the appropriate selection and reaction of hydrocarbon
feeds, products of a desired composition can be obtained.
This could allow the use of readily available but lesser valued
feeds to produce more valuable products.

For example, the production of natural gas liquids, which
includes butanes, is rapidly increasing. As a result of this
increase, the price of butanes could be significantly reduced,
creating a burden for producers. Only a small fraction of
butanes can be included in the gasoline pool because of its
high vapor pressure. Reverse disproportionation offers a pos-
sible solution. The reaction of butanes with a larger paraffin,
e.g., C,,, can produce a product mixture containing paraffins
in the C, to C,, range gasoline range, as well as some C;_ and
C, 5, paraffins.

Other highly desirable products include kerosene, which is
widely used for jet fuel, and diesel, the demand for which
currently exceeds that of gasoline. They are currently
obtained by the distillation of crude oil and hydrocracking of
heavier feeds. Therefore, a process which converts low value
paraffins into kerosene or diesel would be very beneficial. As
an example, the reaction of a gasoline range paraffin, such as
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C,, with a larger paraffin, such as C, ¢, can produce a product
mixture in the C,, to C, 5 range, as well as some C,_and C
paraffins. In a like manner, the reaction a gasoline range
paraffin, such as C,, with a much larger paraffin, such as C,5,
can produce a product mixture in the C, , to C,, range, as well
as some Cq_ and C,, paraffins.

Light paraffins and methane are difficult compounds to
react; as a result, they can be a source of wasted carbon in a
refinery. Because of their low reactivity and high vapor pres-
sure, the utility of the compounds is limited. For example,
only small amounts of these compounds can be blended into
gasoline. As the production of shale gas and shale crude
continues, these light paraffins and methane will be produced
on an even larger scale, which will depress their value further.

Methane can be reacted with C,, paraffins to form a mix-
ture of C,, paraffins. For example, methane could be reacted
with propane to form C, paraffin. Methane could be reacted
with butane to form a mixture of C, and C; paraffins. Methane
could be reacted with pentane to form a mixture of C, to C,
paraffins. Methane could be reacted with a light naphtha
stream (C; to Cg paraffins) to form a mixture of C, to C,
paraffins. Methane could be reacted with a heavy naphtha
stream (C, to C,, paraffins) to form a mixture of C, to C,,
paraffins. Methane could be reacted with a heavy paraffin
stream (C, ,, paraffins) to form a mixture of C, to C,,, par-
affins.

Ethane can be reacted with C,, paraffins to form a mixture
of C;, paraffins. For example, ethane could be reacted with
butane to form C; paraffins. Ethane could be reacted with
pentane to form a mixture of C; to C, paraffins. Ethane could
be reacted with a light naphtha stream (C; to C paraffins) to
form a mixture of C; to C,_5 paraffins. Ethane could be reacted
with a heavy naphtha stream (C, to C,, paraffins) to form a
mixture of C; to C,,, paraffins. Ethane could be reacted with
a heavy paraffin stream (C, ,, paraffins) to form a mixture of
C; to C,, paraffins.

Propane can be reacted with Cs, paraffins to form a mixture
of C,, paraffins. For example, propane could be reacted with
pentane to form C, paraffins. Propane could be reacted with a
light naphtha stream (C5 to C; paraffins) to form a mixture of
C, to C, paraffins. Propane could be reacted with a heavy
naphtha stream (C, to C, , paraffins) to form a mixture of C,
to C,,, paraffins. Propane could be reacted with a heavy
paraffin stream (C,,, paraffins) to form a mixture of C, to
C, . paraffins.

Butane can be reacted with Cy, paraffins to form a mixture
of C, paraffins. For example, butane could be reacted with a
light naphtha stream (C; to Cg paraffins) to form a mixture of
C; paraffins. Butane could be reacted with a heavy naphtha
stream (C, to C,, paraffins) to form a mixture of C5 to C,,
paraffins. Butane could be reacted with a heavy paraffin
stream (C, ,, paraffins) to form a mixture of C, to C,,, par-
affins.

One of the problems with renewable diesel fuel (about C )
is that the feed for the process is limited and cannot meet
current demand. Providing a route allowing more fuel to be
produced from the diesel feed could be valuable. The present
invention provides a method of increasing the fuel volume of
the renewable diesel feed to C, paraffins, which are compo-
nents in gasoline. This can be accomplished by reacting the
renewable diesel feed with one or more of methane, ethane,
propane, or butane to form Cs, paraffins at low temperatures
and pressures. Alternatively, the renewable diesel feed could
be reacted with a light paraffin stream, e.g., a C; to C, stream,
to form a mixture of Cs, paraffins. The fuel volume increases
because the butanes (or methane, ethane, and/or propane) are
incorporated into the Cs, paraffins, resulting in an increase in
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the mass of the Cs, fraction and a decrease in product density
compared to the renewable diesel feed.

Another area where the present process can be used
involves products of the Fischer-Tropsch process, which con-
verts syngas (H,/CO) into a hydrocarbon mixture, ideally in
the diesel range. However, the process produces a large range
of components, including Fischer-Tropsch wax, which are
large paraffins (e.g., in the range of about 18 to 200 or more
carbons) that are solid at room temperature and are undesir-
able. Typically, these compounds are hydrocracked to smaller
fragments. These heavy compounds can be reacted with
lighter paraffins, such as methane, ethane, propane, butane, or
pentane, to produce a mixture of products having intermedi-
ate molecular weight, e.g., C,, paraffins. The mass of the C,,
paraffins product is greater than the mass of the Fischer-
Tropsch wax feed, and it has a density less than the density of
the Fischer-Tropsch wax feed.

Insome embodiments, the amount of C,, C, and C; alkanes
produced in the reaction may be very small. As a result, in
some embodiments, these products may be ignored. Addi-
tionally, the maximal concentration ofthe C, , , andC,,_, type
compounds is set by the C/H molar ratio in the feed which
may not allow for a high concentration of some species. For
example, in some reactions that employ heavy paraffins (e.g.
hexadecane) blended with smaller paraffins (e.g. butane), the
amount of alkanes produced inthe C, 5, (C,,_,) region may be
very small because the thermodynamic concentration of these
species at the feed’s total C/H molar ratio may be very small.
As a result, in some embodiments, these products may be
ignored.

Thus, reverse disproportionating two feeds where the first
comprises C, and the second comprises C,, will produce at
least one product C, where n<z<m. There will typically be a
range of products within the range, however, the amounts of
some may be so small that they are not considered. For
example, depending on the C/H ratio, reverse disproportion-
ating two feeds where the first comprises C, _, and the second
comprises Cs_, , will produce at least one productinthe C,_|,
range. In some embodiments, the amounts of some of the
products in that range may be so small as to be ignored.
Similarly, reverse disproportionating C, , and Cg_, feeds
will produce at least one product in the C,_ ;5 range. The
amounts of some of those products may be so small as to be
ignored. Reverse disproportionating C,_,, and Cg 55 feeds
will produce products in the C,_,, range. The amounts of
some products in the range may be so small as to be ignored.
Reverse disproportionating C, ,4 and Cg_,,, feeds will pro-
duce products in the C,_ o, range. The amounts of some of the
products may be so small as to be ignored.

This process has a number of important advantages. The
product composition would be tunable based on the ratio and
compositions of the feeds. It is a low temperature, low pres-
sure process. It uses ionic liquids that have similar acidity to
those used in the alkylation process. It can be used to produce
gasoline from butanes, and kerosene and diesel from gaso-
line. The reaction products are primarily isoparaffins, which
would be beneficial for cloud point and octane.

Reactions involved in the tuning process include dispro-
portionation, isomerization, and reverse disproportionation
reactions. Reverse disproportionation feeds and reaction con-
ditions are similar to those discussed below for isomerization
and disproportionation reactions.

Disproportionation and/or isomerization of a hydrocarbon
feed using a liquid catalyst comprising ionic liquids and car-
bocation promoters is described. The ionic liquids can be
supported or unsupported and allow the reactions to occur at
temperatures below about 200° C.
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The disproportionation reaction involves contacting a
hydrocarbon feed comprising a C,, alkane with a liquid cata-
lyst in a reaction zone to form a product mixture containing
C,,_alkanes and C, , alkanes. The liquid catalyst comprises an
ionic liquid and a carbocation promoter, and n=2-200.

The isomerization reaction involves contacting the hydro-
carbon feed comprising a normal C,, alkane (or iso C,, alkane)
with a liquid catalyst in a reaction zone to form a product
mixture containing iso C,, alkanes (or normal C,, alkanes).
The liquid catalyst comprises an ionic liquid and a carboca-
tion promoter, and wherein n=4-200.

Disproportionation and isomerization occur simulta-
neously. There is a substantial disproportionation reaction,
which can be seen by the fact that significant amounts of C,,
and C,,_ alkanes form. The product mixture can contain at
least about 3 wt % C,, alkanes in 1 hr based on the C,, alkane
fraction in the hydrocarbon feed, or at least 5 wt %, or at least
about 7 wt %, or at least about 10%, or at least about 15 wt %,
or at least about 20 wt %. There is a corresponding formation
of the C,,_ fraction. There can be at least about 3 wt % C,,_
alkanes in 1 hr based on the C, alkane fraction in the hydro-
carbon feed, or at least 5 wt %, or at least about 7 wt %, or at
least about 10%, or at least about 15 wt %, or at least about 20
wt %. The percentages are based on the C,, alkane fraction in
the hydrocarbon feed.

It is more complex to evaluate the C,,, and C,,_ fractions
when the feed comprises more than one C,, alkane. When the
feed comprises more than one C,, alkane, the amount of C,,,
alkane based on the highest carbon number in the feed can be
used. For example if, the feed comprises C; and Cg, the
amount of C,, can be evaluated using the C, fraction. When
the feed comprises C, and Cg, the increase may be evaluated
using the C, fraction.

For a feed comprising Cs, at least about 5 wt % each of C,_
and C, forms within 30 min. or at least about 10 wt %, or at
least about 15 wt %. At least about 10 wt % each of C,, and
Cs., forms within 1 hr, or at least about 15 wt %, or at least
about 20 wt %.

For a feed comprising C, at least about 3 wt % each of Cy_
and Cgq, forms within 1 hr. or at least about 5 wt %, or at least
about 7 wt %.

Another indication of the existence of the disproportion-
ation reaction is that the number of moles in the product is
nearly equal to the number of moles initially present.

There can also be a substantial isomerization reaction,
which can be seen by the fact that significant amounts of iso
C, alkanes form from normal C, alkanes, and normal C,
alkanes form from iso C,, alkanes initially. The product mix-
ture can contain at least about 2 wt % normal C,, alkanes in 1
hr based on the iso C,, fraction in the hydrocarbon feed, or at
least about 3 wt %, or at least 4 wt %, or at least about 5 wt %,
or at least about 7 wt %, or at least about 10 wt %. The product
mixture can contain at least about 5 wt % iso C,, alkanes in 1
hrbased on the normal C,, fraction in the hydrocarbon feed, or
at least about 10 wt %, or at least about 15 wt %, or at least
about 20 wt %.

For normal C; isomerization, at least about 10 wt % of iso
C; forms within 30 min, or at least about 15 wt %. At least
about 15 wt % iso C forms within 1 hr, or at least about 20 wt
%.

For iso C, isomerization, at least about 2 wt % of normal Cs
forms within 1 hr min. or at least about 3 wt %, or at least
about 4 wt %, or at least about 5 wt %.

For normal C, isomerization, at least about 5 wt % ofiso C,
forms within 1 hr, or at least about 10 wt %.

The conversion rate for volume can be calculated as vol-
ume rate=(% conversion/time (h))x(mL HC/mL IL), where

5

10

15

20

25

30

35

40

45

50

55

60

65

12

the mL of IL is determined by taking the mass of the ionic
liquid and carbocation promoter and dividing by the density
of the pure ionic liquid. The conversion rate for volume is at
least about 60 in the absence of an added metal salt, or at least
about 70, or at least about 80, or at least about 90, or at least
about 100, or at least about 120, or at least about 140, or at
least about 160, or at least about 180, or at least about 200, or
at least about 250, or at least about 300, or at least about 350,
or at least about 400, or at least about 450, or at least about
500.

The conversion rate for mass can be calculated as mass
rate=(% conversion/time (h))x(g HC/g IL.), where the mass of
the IL is taken to be the summed mass of the IL and carboca-
tion promoter. The conversion rate for mass in the absence of
a metal salt is at least about 20, or at least about 30, or at least
about 40, or at least about 50, or at least about 60, or at least
about 70, or at least about 80, or at least about 90, or at least
about 100, or at least about 110, or at least about 120, or at
least about 130, or at least about 140, or at least about 150, or
at least about 175, or at least about 200, or at least about 220
or at least about 230, or at least about 240, or at least about
250, or at least about 250.

The present invention provides a method of disproportion-
ating a hydrocarbon feed using less ionic liquid, which is
expensive, and obtaining better results at a faster rate. It also
provides a method of isomerizing a hydrocarbon feed using
less ionic liquid, and obtaining better results at a faster rate.

The hydrocarbon feed can be straight chain paraffins,
branched chain paraftins, cycloparaffins, naphthenes, or com-
binations thereof. The hydrocarbon feed may contain a single
C,, alkane, such as pentane, or mixtures of two or more
alkanes, such as pentane and hexane, or pentane, hexane, and
heptane.

In some embodiments, the hydrocarbon feed can be a mix-
ture of 2, 3, 4, 5, or 6 or more consecutive carbon numbers.
Typically, there will be one, two, or three carbon numbers that
form most of the feed. For example, there could be greater
than about 50% of one carbon number, or greater than about
60%, or greater than about 70%, or greater than about 80%. In
some embodiments, two or three carbon numbers (or more)
could form greater than about 50% of the feed, or greater than
about 60%, or greater than about 70%, or greater than about
80%.

In some embodiments, the C,, alkane can be substantially
pure C,, alkane, e.g., greater than about 90% of a C,, alkane,
such as pentane, or greater than about 95%, or greater than
about 97%, or greater than about 98%, or greater than about
99%.

In some embodiments, the C,, alkane can be substantially
pure normal C,, alkane or substantially pure iso C, alkane,
e.g., greater than about 90% of a specific normal or iso C,,
alkane, such as normal pentane, or greater than about 95%, or
greater than about 97%, or greater than about 98%, or greater
than about 99%.

In other embodiments, mixtures of normal C,, alkane and
iso C, alkane (both a single C, alkane, such as pentane, and
two or more C,, alkanes, such as pentane and hexane) are used.
The ratio of normal C,, alkane to iso C,, alkane is typically in
the range of about 90:10 to about 10:90, or about 80:20 to
about 20:80, or about 70:30 to about 30:70, or about 60:40 to
about 40:60, or about 50:50.

As discussed above, the disproportionation reactionofa C,,
alkane produces C,_ and C,, alkanes. For example, the dis-
proportionation of Cs produces C,_ and Cg, alkanes. The
presence of the C,, fraction distinguishes the disproportion-
ation reaction (FIG. 1) from isomerization reactions which
produce isomers of the C, starting material (FIG. 2), or
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isomerization and cracking which produces isomers ofthe C,,
starting material and C,, alkanes due to cracking (FIGS. 2
and 3). The hydrocarbon feed can be dried to remove water
before being contacted with the liquid catalyst. The feed can
also be treated to remove undesirable reactive compounds
such as alkenes, dienes, nitriles, and the like using known
treatment processes.

The hydrocarbon feed can be a fluid. The fluid can be a
liquid, a vapor, or amixture of liquid and vapor. When a liquid
or liquid-vapor mixture is used, the method is one of the few
liquid-liquid disproportionation methods available.

The processes can produce mixtures of alkanes having
desirable RVP and RON. The RVP and RON values are cal-
culated on the Cs, fraction. The RVP was calculated as the
vapor pressure for the system when the vapor:liquid ratio is
4:1 by volume using the Peng Robinson fluid properties
model. The RON was calculated with linear volumetric
blending, and the RON values used for this calculation were
based on the values listed in Phillips 66 Reference Data for
Hydrocarbons and Petro-Sulfur Compounds, Bulletin No.
521.

In one embodiment, the product mixture of alkanes has an
RVP intherange ofabout 1 to about 25, or about 8 to about 16,
and an RON in a range of about 50 to about 110, or about 60
to about 100. In another embodiment, the product mixture of
alkanes has a similar RVP and RON. The octane numbers can
be increased by isomerization of the linear paraffins to the
corresponding branched compounds.

In some embodiments, the RVP of the product mixture is
less than the RVP of the hydrocarbon feed. In some embodi-
ments, the RVP is reduced at least about 5 numbers compared
to the hydrocarbon feed, or at least about 7 numbers, or at
least about 8 numbers. For example, the RVP for pure (i.e.,
greater than 99%) normal pentane is 15.6, and the RVP for the
product mixture made from substantially pure normal pen-
tane is 13.0to 13.5. The RVP for pure (i.e., greater than 99%)
isopentane is 20.4, and the RVP for the product mixture made
from substantially pure isopentane is 12.3 to 12.5.

When the mass ratio of branched alkanes to normal alkanes
(i/n) produced from converted pentane feed is in the range of
about 6:1 to about 17:1, the selectivity for isoparaffins is in the
range of about 70 to about 90%, and when it is in the range of
about 7:1 to about 17:1, the selectivity for isoparaffins is in the
range of about 80 to about 90%. The high branched to normal
ratios for alkanes obtainable with this system are notable,
especially in comparison to the methods employing dehydro-
genation and metathesis catalysts to effect disproportion-
ation. Generally, when these catalysts are employed, the
major isomers formed within the C,_ and C,, systems are
normal paraffins. The formation of large amounts of normal
paraffins is typically not desired due to their low octane num-
bers.

The formula for calculating the i/n ratio of the product for
pure alkanes is (wt. % iC,_+x wt. % 1C +wt. % iC,, )/(wt. %
nC, +y wt. % nC,+wt. % nC, ,) with n— greater than or equal
to 4, x=1 and y=0 when C,=normal alkane and x=0 and y=1
when C,=isoalkane. For example, for C, the calculation
would be (wt. % iC,+x wt. % iCs+wt. % iCg+wt. % iC, +wt.
% 1Cg)/(wt. % nC,+y wt. % nCs+wt. % nCg+wt. % nC +wt.
% nCy); where x=1 and y=0 when C,=nC; and x=0 and y=1
when C,, is iCy). Although C,,, alkanes will be present in small
amounts, they should not substantially affect the in ratio as
reported. In addition, the C;_ compounds are not included
because they don’t have normal and iso isomers.

The lower reactivity of normal pentane (nCs) has made it
generally difficult to for the development of a commercial
process using nC,. However, disproportionation of nCs at
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reasonable rates has been demonstrated in more than one
embodiment of the present invention.

In order for these reactions to proceed, a stable carbocation
likely needs to be present. Carbocations readily undergo skel-
etal rearrangement at low temperatures. Even at -90° C.,
rapid rearrangement is observed for degenerate 1,2-methide
shifts. Frequently, carbocations are transient intermediates
and are short-lived. However, persistent carbocations have
been observed in superacidic media.

ITonicliquids offer anumber of unique features which make
them particularly well suited as reaction mediums for low
temperature disproportionation and isomerization. These fea-
tures include: (1) extremely low volatility, resulting in little to
no solvent loss, (2) high chemical diversity, allowing for
specific properties to be readily incorporated into the solvent,
(3) good thermal stability, (4) readily recyclable, (5) wide
liquid ranges, and (6) in some cases (e.g. 1-ethyl-3-meth-
ylimidazolium chloroaluminates), they have been shown to
be superacidic.

Inone embodiment, the liquid hydrocarbon feed comprises
a C,, alkane where n=5-200, or n=5-100, or n=5-50, or n=5-
25, or n=5-12. A normal C,, alkane is converted to a product
mixture comprising iso C, hydrocarbons, normal and iso C,,_
hydrocarbons and normal and iso C,,, hydrocarbons, and an
iso C, alkane is converted to a product mixture comprising
normal C,, hydrocarbons, normal and iso C,,_ hydrocarbons
and normal and iso C,,, hydrocarbons. A blend of normal and
iso C, alkane is converted to a product mixture comprising
normal and iso C,, hydrocarbons, normal and iso C,,_ hydro-
carbons and normal and iso C,, hydrocarbons. In some
embodiments, the highest concentration of C,, hydrocarbons
isthe C,,, , hydrocarbon. For example, for a feed of n-pentane,
the product mixture would be isopentane, C,_ hydrocarbons
and C,, hydrocarbons, and for a feed of isopentane, the
product mixture would be n-pentane, C,_ hydrocarbons and
Cs, hydrocarbons, with the highest concentration being Cg
hydrocarbons for the C, , fractions. A feed comprising a blend
of n-pentane and isopentane would produce a product mix-
ture of n-pentane and isopentane, C,_ hydrocarbons and Cg,
hydrocarbons. The process is particularly useful for conver-
sion of C5, Cg, and C, alkanes.

Theliquid catalyst comprises anionic liquid and a carboca-
tion promoter. The ionic liquid is in liquid form; unlike prior
art processes, it is not supported on an oxide support. In
addition, in some embodiments, the ionic liquids employed
herein do not contain Brensted acids, so the acid concentra-
tion within these systems is less than prior art processes using
ionic liquids which are Bremnsted acidic organic cations. The
acid concentration is less than about 2.5 M, or less than about
2.25M, or less than about 2.0 M, or less than about 1.75 M, or
less than about 1.5 M. In other embodiments, the ionic liquids
do contain Brensted acids.

One or more ionic liquids can be used.

The ionic liquid comprises an organic cation and an anion.
Suitable organic cations include, but are not limited to:
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and lactamium based cations, where R*-R*' are indepen-
dently selected from C,-C,, hydrocarbons, C,-C,, hydrocar-
bon derivatives, halogens, and H. Suitable hydrocarbons and
hydrocarbon derivatives include saturated and unsaturated
hydrocarbons, halogen substituted and partially substituted
hydrocarbons and mixtures thereof. C,-Cg hydrocarbons are
particularly suitable. Lactamium based ionic liquids include,
but are not limited to, those described in U.S. Pat. No. 8,709,
236, U.S. application Ser. No. 14/271,308, entitled Synthesis
of Lactam Based Ionic Liquids, filed May 6, 2014, and U.S.
application Ser. No. 14/271,319, entitled Synthesis of N-De-
rivatized Lactam Based Ionic Liquids, filed May 6, 2014,
which are incorporated by reference.

The anion can be derived from halides, sulfates, bisulfates,
nitrates, sulfonates, fluoroalkanesulfonates, and combina-
tions thereof. The anion is typically derived from metal and
nonmetal halides, such as metal and nonmetal chlorides, bro-
mides, iodides, fluorides, or combinations thereof. Combina-
tions of halides include, but are not limited to, mixtures of two
ormore metal or nonmetal halides (e.g., AICI” and BF,,”), and
mixtures of two or more halides with a single metal or non-
metal (e.g., AIC1;Br7). In some embodiments, the metal is
aluminum, with the mole fraction of aluminum ranging from
0<AI<0.25 in the anion. Suitable anions include, but are not
limited to, AICL,~, AL,Cl,”, Al;Cl,,7, AIC1;Br~, AL,CIBr",
AL,Cl,Br~, AlBr,”, Al,Br,~, Al;Br,,~, GaCl,~, Ga,Cl,",

Ga,Cl,,", GaCl;Br-, Ga,Cl;Br-, Ga,ClBr-, CuCl,,
Cu,Cl;7, Cu,Cl,~, ZnCly7, FeCly™, FeCl,”, Fe,Cl,~, PF,~,
and BF,~.

The ionic liquid is combined with one or more carbocation
promoters. In some embodiments, the carbocation promoter
is added to the ionic liquid. In other embodiments, the car-
bocation promoter is generated in situ. Suitable carbocation
promoters include, but are not limited to, halo-alkanes, min-
eral acids alone or combined with alkenes, and combinations
thereof. Suitable halo-alkanes include but are not limited to
2-chloro-2-methylpropane, 2-chloropropane, 2-chlorobu-
tane, 2-chloro-2-methylbutane, 2-chloropentane, 1-chloro-
hexane, 3-chloro-3-methylpentane, or combinations thereof.
In some embodiments, the carbocation promoters are not
cyclic alkanes.

Suitable mineral acids include, but are not limited to, HCI,
HBr, H,S0,, and HNO;. Although HF can also be used, it is
less desirable due to safety issues. If the mineral acid is not
strong enough to protonate off a hydrogen from a C—H bond,
isobutene or another alkene can be added with the mineral
acid to produce the desired carbocation promoter. The min-
eral acid can be generated in situ by the addition of a com-
pound that reacts with the ionic liquid. In situ acid generation
can also occur as a result of reaction with water present in the
system. The mineral acid may also be present as an impurity
in the ionic liquid.

2-chloropropane, and 2-chlorobutane were used success-
fully as carbocation promoters. HCl was generated in situ by
the addition of methanol to the ionic liquid, resulting in the
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partial degradation of the Al,Cl,~ anion with concomitant
formation of HCI. This method was sufficient to catalyze the
disproportionation.

The molar ratio of the carbocation promoter to the ionic
liquid in the liquid catalyst is typically in the range of about
0:1 to about 3:1, or about 0.1:1 to about 1:1. This relates to
forming the carbocation promoter from the halo-alkane or
mineral acid. This ratio is important relative to the specific
type of anion. For example, if the anion is AlCl,~, a reaction
is unlikely to occur or will be poor because the aluminum is
fully coordinated. However, if the anion is Al,Cl,~, there is
some aluminum present that can coordinate to the carboca-
tion promoter’s anion, assisting in generating the carbocation
from the carbocation promoter.

The mass or volume ratios of liquid catalyst (ionic liquid
and carbocation promoter) to hydrocarbon feed are less than
1:1. This is desirable because the ionic liquid is an expensive
component in the process. In some embodiments, the mass
ratio of ionic liquid to hydrocarbon feed is not more than
about 0.75:1, or not more than about 0.7:1, or not more than
about 0.65:1, or not more than about 0.60:1, or not more than
about 0.55:1, or not more than about 0.50:1. In some embodi-
ments, the volume ratio of ionic liquid to hydrocarbon feed is
not more than about 0.8:1, or not more than about 0.7:1, or not
more than about 0.6:1, or not more than about 0.5:1, or not
more than about 0.45:1, or not more than about 0.4:1, or not
more than about 0.35:1, or not more than about 0.3:1, or not
more than about 0.25:1.

The liquid hydrocarbon feed is contacted with the liquid
catalyst at temperatures of in the range of about —20° C. to the
decomposition temperature of the ionic liquid, or about 250°
C. orless, or about 200° C. or less, or about 175° C. or less, or
about 150° C. or less, or about 125° C. or less, or about 100°
C. or less, or about 90° C. or less, or about 80° C. or less, or
about 70° C. or less, or about 60° C. or less, or in the range of
about 0° C. to about 250° C., or in the range of about 0° C. to
about 200° C. or about 0° C. to about 175° C., or about 0° C.
to about 150° C., or about 10° C. to about 150° C., or about
25° C. to about 150° C., or about 30° C. to about 150° C., or
about 40° C. to about 150° C., or about 50° C. to about 150°
C., or about 55° C. to about 150° C.

The pressure in the reaction zone is typically in the range of
about 0 MPa to about 20.7 MPa, or about 0 MPa to about 8.1
MPa. In some embodiments, the pressure should be sufficient
to ensure that the hydrocarbon feed is in a liquid state. Small
amounts of vapor may also be present, but this should be
minimized. In other embodiments, using propane and other
light paraffins, the temperatures may not allow for a liquid
state. In this gas, a gas phase or a supercritical phase can be
used. In some embodiments, a supercritical phase can be
used.

In some embodiments, the reaction zone operated at tem-
peratures and or pressures greater than or equal to the critical
temperature and pressure of the hydrocarbon feed, such as
methane, propane, butanes, pentanes, and hexanes.

The reaction typically takes places in the presence of a gas.
Suitable gases include, but are not limited to nitrogen, hydro-
gen, argon, helium, hydrogen chloride and the like.

The residence time in the reaction zone is generally less
than about 10 hr. or less than 7 hr, or less than 5 hr, or less than
4 hr, or less than 3 hr, or less than 2 hr, or less than 1 hr. The
reaction time and conversion are based on the time needed to
reach equilibrium of the initial reaction products, such as
2-methylpentane and isobutane from the disproportionation
of'isopentane. The reaction time is a function of the degree of
mixing, the reaction temperature, the concentration of the
carbocation promoter, the molar ratio of the carbocation pro-
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moter to ionic liquid, and the mass/volume ratio of ionic
liquid to hydrocarbon being reacted. Generally, increasing
any of these conditions will increase the reaction rate. Under
some conditions, greater than 90% conversion is possible.

The % selectivity for the disproportionation reaction is
defined as: [(sum of the wt. % C,_ and C, , compounds)(100-
wt. % C,, feed)]x100. The % selectivity for the disproportion-
ation reaction is typically at least about 40%, or at least about
45%, or at least about 50%, or at least about 55%, or at least
about 60%, or at least about 65%, or at least about 70%, or at
least about 75%, or at least about 80%, or at least about 85%,
or at least about 90%, or at least about 94%.

For blends, the selectivity for the disproportionation reac-
tion would be similar as above. For example, for a blend
consisting of 50% isopentane and 50% n-pentane, the %
selectivity for the disproportionation reaction is defined as:
[(sum of the wt. % C,_ and C, compounds)/(100-wt. % C,,
feed)]x100, where the C,, feed is taken to be the summed wt.
% of isopentane and n-pentane. A simple equation similar to
this may not be adequate for more complex blends.

The % selectivity for the isomerization reaction to isopar-
affins (S,,,_;s0m) 15 defined as (z(wt. % isoparaffin C,))/(100-
wt. % C,, feed)x100, where z=0 when the C, feed is isopar-
affin and z=1 when the C,, feed is n-paraffin. The % selectivity
for isoparattin disproportionation is defined as (wt. % isopar-
affins of C, , +wt. % isoparaffins C,,, )/(100-wt. % C,, feed)x
100 (S;50_i5p)- The % selectivity for isoparaffins is defined as
(wt. % isoparaftins of C,_+wt. % isoparaftins C, ,+z(wt. %
isoparaffin C,)))/(100-wt. % C,, feed)x100, where z=0 when
the C,, feed is isoparaffin and z=1 when the C,, feed is n-par-
affin (Sisoparaﬁn); or Sisoparaﬁn:S +Siso—disp' The selec-
tivity for isoparaffins is typically at least about 40%, or at least
about 45%, or at least about 50%, or at least about 55%, or at
least about 60%, or at least about 65%, or at least about 70%,
or at least about 75%, or at least about 80%, or at least about
85%, or at least about 90%.

For blends, the selectivity for isoparaffins would be similar
as above. For example, for a blend consisting of 50% isopen-
tane and 50% n-pentane, the % selectivity for the isoparaffins
reaction is defined as: [(sum of the wt. % iC, and iC,, com-
pounds)/(100-wt. % C,, feed)]x100, where the C, feed is
taken to be the summed wt. % of isopentane and n-pentane. A
simple equation similar to this may not be adequate for more
complex blends.

The selectivity is highly dependent on the type of feed
used. For example, for iCj, the selectivity for the dispropor-
tionation reaction typically can be in the range of about
92-94%. However, the selectivity for the disproportionation
reaction for nC, is much lower, e.g., in the range of about
67-76% because a substantial amount of isomerization to
isopentane occurs.

Conversion for the disproportionation and isomerization
reactions is defined as 100-wt. % C,, feed. The conversion is
typically at least about 50%, or at least about 55%, or at least
about 60%, or at least about 65%, or at least about 70%, or at
least about 75%, or at least about 80%, or at least about 85%,
or at least about 90%.

For blends, the conversion would be the same as above. For
example, for a blend consisting of 50% isopentane and 50%
n-pentane, the % conversion is equal to 100-wt. % C,, feed,
where the C, feed taken to be the summed wt. % ofisopentane
and n-pentane.

For example, with an iC feed, initially the products are
primarily the isoparaffins of the C, and C, compounds along
with some nCs. Because iC; is more thermodynamically pre-
ferred, the amount of nCy that forms is relatively small, and
the dominating pathway is disproportionation. Since the
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kinetic products are isoparaffins, the selectivity for isoparaf-
fins can be similar to disproportionation. However, the mix-
ture is not completely at equilibrium, so as the product con-
tinues to react, some of the initially formed isoparaffins of the
disproportionation products begin to convert to their corre-
sponding n-paraffins. As this occurs, the selectivity for iso-
paraffins decreases, but the selectivity for disproportionation
does not.

With a feed of nC,, the initial products are again primarily
the isoparaffins ofthe C, and C¢ compounds and iCs. Because
nCj is thermodynamically disfavored, the amount of iC; that
forms is substantially greater relative to the formation of nC5
from the iC; feed. In this case, significant amounts of nCs are
converted to iCs. Since the initial products are isoparaffins,
the selectivity for isoparaffins remains high. However, since a
significant portion of nC; is converted to iCs, the selectivity
for disproportionation is less than it was when iCs is used. As
the reaction progresses, iC5 and nCy continue to dispropor-
tionate and the selectivity for disproportionation increases
during the reaction. Conversely, the selectivity for isoparaf-
fins decreases as the mixture equilibrates because the initially
formed isoparaffin disproportionation products convert to
their normal isomers.

At higher temperatures, the relative concentration of nor-
mal paraffins increases, which ultimately results in decreased
selectivities for isoparaffins relative to lower temperatures.

Although the reaction will proceed simply by contacting
the hydrocarbon feed and the liquid catalyst, the reaction rate
is generally too slow to be commercially viable. The reaction
rate can be substantially increased by increasing the stirring
speed of the reaction. This indicates that under some condi-
tions the rate of reaction is mass transfer limited and is not
reflective of the true elementary steps of the reaction. In
addition to simply stirring the reaction mixture, a baffle can be
included in the reactor to aid in obtaining good mixing. The
baftle helps to prevent a vortex from forming in the reactor.
The formation of a vortex would reduce the amount of mixing
even in the presence of stirring.

One embodiment of the process 100 is a continuous-flow
reactor as shown in FIG. 5. Feed 105, including the liquid
hydrocarbon and carbocation promoter (if present), passes
over a drying bed 110 and is continuously introduced to the
reactor 115 while simultaneously withdrawing product 120.
The liquid catalyst (or ionic liquid alone) 112 is introduced to
the reactor 115. The carbocation promoter can be added with
the hydrocarbon feed, or with the ionic liquid, or both. The
reactor desirably includes a stirrer 160 to mix the hydrocar-
bon feed 105 and the liquid catalyst. The gaseous products
150 can be separated in the reactor 115. The effluent 120 is
sent to a settler 125, where the heavier ionic liquid phase
separates as a bottom layer 130. The used ionic liquid stream
165 can be recycled to the reactor 115 and/or the regenerator
135. The upper hydrocarbon layer phase 140 is removed from
the settler 125, yielding the liquid product 145. The liquid
product 145 can be separated into two or more product
streams (not shown), if desired. The gaseous products 170 are
separated in settler 125. These gaseous products 170 can be
combined with gaseous products 150 which could then be
used as feed in alkylation units (not shown). The used ionic
liquid 165 can be regenerated in regenerator 135 to remove
deactivated liquid catalyst so it can be reused. Fresh ionic
liquid 155 can be added to the regenerated ionic liquid stream
175 as needed and sent to the reactor 115. Fresh ionic liquid
can also be added to the regenerator 135, as needed.

Another embodiment of the process 100 is a continuous-
flow reactor as shown in FIG. 6. A first feed 105, including the
first hydrocarbon and carbocation promoter (if present),
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passes over a drying bed 110 and is continuously introduced
to the reactor 115. The second feed 205, including the second
hydrocarbon and promoter (if present) passes over drying bed
210 and is continuously introduced to the reactor 115. The
product 120 is simultaneously withdrawn. The liquid catalyst
(or ionic liquid alone) 112 is introduced to the reactor 115.
The carbocation promoter can be added with the hydrocarbon
feed, or with the ionic liquid, or both. The reactor desirably
includes a stirrer 160 to mix the hydrocarbon feeds 105, 205
and the liquid catalyst. The gaseous products 150 can be
separated in the reactor 115. The effluent 120 is sent to a
settler 125, where the heavier ionic liquid phase separates as
a bottom layer 130. The used ionic liquid stream 165 can be
recycled to the reactor 115 and/or the regenerator 135. The
upper hydrocarbon layer phase 140 is removed from the set-
tler 125, yielding the liquid product 145. The liquid product
145 can be separated into two or more product streams (not
shown), if desired. The gaseous products 170 are separated in
settler 125. These gaseous products 170 can be combined
with gaseous products 150 which could then be used as feed
in alkylation units (not shown). The used ionic liquid 165 can
be regenerated in regenerator 135 to remove deactivated lig-
uid catalyst so it can be reused. Fresh ionic liquid 155 can be
added to the regenerated ionic liquid stream 175 as needed
and sent to the reactor 115. Fresh ionic liquid 155 can also be
added to the regenerator 135, as needed.

The ionic liquid can be regenerated in a variety of ways.
The ionic liquid containing the conjunct polymer could be
contacted with a reducing metal (e.g., Al), an inert hydrocar-
bon (e.g., hexane), and hydrogen and heated to about 100° C.
The conjunct polymer will be transferred to the hydrocarbon
phase, allowing for the conjunct polymer to be removed from
the ionic liquid phase. See e.g., U.S. Pat. No. 7,651,970; U.S.
Pat. No. 7,825,055; U.S. Pat. No. 7,956,002; U.S. Pat. No.
7,732,363, each of which is incorporated herein by reference.
Another method involves contacting the ionic liquid contain-
ing the conjunct polymer with a reducing metal (e.g., Al) in
the presence of an inert hydrocarbon (e.g. hexane) and heat-
ing to about 100° C. The conjunct polymer will be transferred
to the hydrocarbon phase, allowing for the conjunct polymer
to be removed from the ionic liquid phase. See e.g., U.S. Pat.
No. 7,674,739 B2; which is incorporated herein by reference.
Still another method of regenerating the ionic liquid involves
contacting the ionic liquid containing the conjunct polymer
with a reducing metal (e.g., Al), HCl and an inert hydrocarbon
(e.g. hexane), and heating to about 100° C. The conjunct
polymer will be transferred to the hydrocarbon phase, allow-
ing for the conjunct polymer to be removed from the IL phase.
See e.g., US. Pat. No. 7,727,925, which is incorporated
herein by reference. The ionic liquid can be regenerated by
adding a homogeneous metal hydrogenation catalyst (e.g.,
(PPh;);RhCI) to the ionic liquid containing the conjunct
polymer and an inert hydrocarbon (e.g. hexane). Hydrogen
would be introduced, and the conjunct polymer would be
reduced and transferred to the hydrocarbon layer. See e.g.,
U.S. Pat. No. 7,678,727, which is incorporated herein by
reference. Another method for regenerating the ionic liquid
involves adding HC], isobutane, and an inert hydrocarbon to
the ionic liquid containing the conjunct polymer and heating
to about 100° C. The conjunct polymer would react to form an
uncharged complex, which would transfer to the hydrocarbon
phase. See e.g., U.S. Pat. No. 7,674,740, which is incorpo-
rated herein by reference. The ionic liquid could also be
regenerated by adding a supported metal hydrogenation cata-
lyst (e.g. Pd/C) to the ionic liquid containing the conjunct
polymer and an inert hydrocarbon (e.g. hexane). Hydrogen
would be introduced and the conjunct polymer would be
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reduced and transferred to the hydrocarbon layer. See e.g.,
U.S. Pat. No. 7,691,771, which is incorporated herein by
reference. Still another method involves adding a suitable
substrate (e.g. pyridine) to the ionic liquid containing the
conjunct polymer. After a period of time, an inert hydrocar-
bon would be added to wash away the liberated conjunct
polymer. The ionic liquid precursor [butylpyridinium][CI]
would be added to the ionic liquid (e.g. [butylpyridinium]
[Al,Cl,]) containing the conjunct polymer followed by an
inert hydrocarbon. After a given time of mixing, the hydro-
carbon layer would be separated, resulting in a regenerated
ionic liquid. See, e.g., U.S. Pat. No. 7,737,067, which is
incorporated herein by reference. Another method involves
adding the ionic liquid containing the conjunct polymer to a
suitable substrate (e.g. pyridine) and an electrochemical cell
containing two aluminum electrodes and an inert hydrocar-
bon. A voltage would be applied and the current measured to
determine the extent of reduction. After a given time, the inert
hydrocarbon would be separated, resulting in a regenerated
ionic liquid. See, e.g., U.S. Pat. No. 8,524,623, which is
incorporated herein by reference.

The contacting step may be practiced in laboratory scale
experiments through full scale commercial operations. The
process may be operated in batch, continuous, or semi-con-
tinuous mode. The contacting step can take place in various
ways, with both concurrent and co-current flow processes
being suitable.

Disproportionation of nCs and iCy has also been achieved
at temperatures as low as 45° C. The reaction was faster with
iCs than with nCs. Gas chromatograph (GC) analysis
revealed that the primary compounds formed were isoparaf-
fins using the analytical method ASTM UOP690-99; very few
C;-hydrocarbons formed. The products of the reaction for
n-C; were broadly divided into the following categories: C;_,
n-C,,1C,, iCs, C, paraffins (C;P) and C,, hydrocarbons. The
products of the reaction for iso C5 were broadly divided into
the following categories: C;_, n-C,, iC,, nCs, C, paraffins
(CeP)and C,, hydrocarbons. The selectivity to these products
was constant over a wide range of isopentane conversions.
However, at higher conversions, the selectivity to C4 paraffins
decreased, while the selectivity to iC, and C,, hydrocarbons
increased, which is likely the result of secondary dispropor-
tionation-type reactions. An analysis of both the headspace
and the liquid phase revealed that C;-hydrocarbons form in
small amounts.

In some places, demand for iC, exceeds supply, and dis-
proportionation could help alleviate this problem.

For iso-pentane conversion, the selectivity to the various
products (product selectivity being defined as [wt. % com-
pound/(100-wt. % C,, feed)|*100) was nearly constant up to
about 52% conversion at 55° C. Higher isopentane conver-
sions resulted in decreased selectivity to Cg paraffins and
higher selectivities to iC, and C,, hydrocarbons, which was
likely the result of secondary disproportionation-type reac-
tions.

With iso-pentane conversion, the extent of isomerization to
n-pentane was minimal, but observable, because the reactant
was already present in the more thermodynamically favored
state. It was consistently observed that the selectivity for
isomerization of isopentane to n-pentane centered around
7%, regardless of the % conversion of isopentane.

A significant stir rate dependence on the reaction rate was
observed. Under the conditions used, the benefits of increased
mixing began to taper off at stir rates greater than 700 rpm,
which indicates that much of the kinetics of the reaction
below 700 rpm is mass transfer limited.
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The other products that form during the disproportionation
reaction of isopentane were mainly isobutane and C,, isopar-
affins. The selectivity to these products was also nearly con-
stant with isopentane conversion. However, at higher conver-
sions, the selectivity to the C, paraffins decreased, while there
was a concomitant increase in selectivity for isobutane and
C,, isoparaffins. It is important to note that very little C,_
formed in the reactions at 55° C. as revealed by a headspace
analysis and by the analytical method ASTM UOP980-07.

Under similar conditions (e.g., volume of ionic liquid,
temperature, stir rate, etc.), the rate of nCy conversion is
dependent on the type of ionic liquid used, as the same reac-
tion proceeds at a much greater conversion rate in [1-butyl-
1-methylpyrrolidinium][Al,Cl,] than in [tributyl(hexyl)
phosphonium][ Al,ClBr] ([("Bw);P(Hex)|[AL,ClBr)).
Despite the increase in reactivity, the selectivities for the
products were similar to what was observed with the ionic
liquid [("Bu);P(Hex)][Al,Cl Br].

Isomerization and disproportionation of n-hexane has been
found to occur at temperatures as low as 45° C. in several
different ionic liquids (e.g., [("Bu);P(Hex)][Al,ClBr],
[1-butyl-1-methylpyrrolidinium][AlL,Cl,]. [1-butyl-3-meth-
ylimidazolium]|[Al,Cl,] and trihexyl(tetradecyl)phospho-
nium  heptachloroaluminate ([(n-Hex);P(tetradecyl)]
[AL,Cl,]. The promoter used in all of these reactions, except
for [1-butyl-3-methylimidazoliumn][Al,Cl,], was 2-chloro-
2-methylpropane, which served to generate the active tert-
butyl cation. Trace amounts of water or HCI present in [1-bu-
tyl-3-methylimidazolium][Al,Cl,] was sufficient for the
catalysis to occur. A wide range of compounds were formed,
including naphthenes, n-paraffins, isoparaffins and even
some aromatic complexes, but the major products are paraf-
fins.

Increasing the concentration of 2-chloro-2-methylpropane
increased the conversion, and the yield for the higher and
lighter molecular weight complexes. The major light compo-
nents formed were identified by headspace analysis as iC,,
iCs, 2-methylpentane and unreacted nC,. However, it did
little to change the selectivity for isomerization. Similarly,
increasing the reaction time, temperature, and ratio of mass of
ionic liquid to mass of hydrocarbon feed increased the overall
conversion. It is desirable to minimize the amount of ionic
liquid used due to the cost and potential increase in the
amount of feed processed per unit ionic liquid.

By the term “about,” we mean within 10% of the value, or
within 5%, or within 1%.

EXAMPLES
Example 1
Experimental Set Up

The set-up included a 300 ml. autoclave equipped with a
mechanical stirrer, pressure gauge, thermocouple, dipleg,
rupture disc and valves to introduce the feed and withdraw an
aliquot for GC analysis. The rupture disc vented to a knock
out pot. The house nitrogen passed through a pressure regu-
lator to a high surface sodium column and was then split:
feeding to the charger for feed introduction or to a line for
various uses (i.e., 2-methyl-2-chloropropane/C,P introduc-
tion). The dipleg was constructed such that the height posi-
tions it in the paraffin layer. Upon opening the valve, the
withdrawn paraffin layer passed through a column of silica, to
the GC valve and then through a metering valve into a waste
container. The reaction mixture was analyzed using the
ASTM UOP690-99 method. The S was calculated by
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summing the wt. % contribution of the C4-C8 isoparaffins
that are separable using the ASTM UOP690-99 method, but
does not include the contributions from the C9+ fraction.
Consequently, these values represent lower limits for the
selectivity. Similarly, the S, were determined using this
analytical method and is also a lower limit. The RVP was
calculated on the C,, fraction as the vapor pressure for the
system when the vapor:liquid ratio is 4:1 by volume using the
Peng Robinson fluid properties model. The RON was calcu-
lated on the C, fraction with linear volumetric blending and
the RON values used for this calculation were based on the
values listed in Phillips 66 Reference Data for Hydrocarbons
and Petro-Sulfur Compounds, Bulletin No. 521.

Example 2
Synthesis of [("Bu);P(Hex)|[Al,ClBr]

An oven-dried round bottom flask was charged with
[("Bu); P(Hex)][Br]. The material was attached to a rotary
evaporator and dried under vacuum at 110° C. for at least 14
h. The dried [("Bu);P(Hex)][Br] was immediately brought
into a nitrogen glovebox and stored there. A synthesis was
achieved by massing 17.589 g (47.88 mmol) of [("Bu),P
(Hex)][Br] into an oven-dried flask equipped with a stir bar in
the nitrogen glovebox. To this was added 12.775 g (95.81
mmol) of AICl; at ambient temperature. The mixture was
stirred and the solids slowly reacted over the course of one
week to produce a homogenous pale-yellow liquid.

Example 3

Synthesis of [1-butyl-1-methylpyrrolidinium]
[ALCL]

An oven-dried round bottom flask was charged with [1-bu-
tyl-1-methylpyrrolidinium][Cl]. The material was attached to
arotary evaporator, dried under vacuum at 110° C. for at least
14 h. and then sealed under vacuum with a connecting
adapter. The dried [1-butyl-1-methylpyrrolidinium|[Cl] was
immediately brought into a nitrogen glovebox and stored
there. A synthesis was achieved by massing 57.14 g (322
mmol) of [1-butyl-1-methylpyrrolidinium|[C]] into an oven-
dried flask equipped with a stir bar in the nitrogen glovebox.
To this was added 83.93 g (629 mmol) of Al,Cl; at ambient
temperature and the mixture stirred. The solids reacted to
produce a homogenous liquid.

Example 4

Synthesis of with [ 1-butyl-3-methylimidazolium]
[ALCL,]

An oven-dried round bottom flask was charged with 1-bu-
tyl-3-methylimidazolium chloride. The material was
attached to a rotary evaporator, dried under vacuum at 110° C.
for at least 14 h and then sealed under vacuum with a con-
necting adapter. Afterwards, the dried 1-butyl-3-methylimi-
dazolium chloride was stored in a nitrogen glovebox. A syn-
thesis was achieved by massing 50.04 g (286 mmol) of
1-butyl-3-methylimidazolium chloride into an oven-dried
flask equipped with a stir bar in the nitrogen glovebox. To this
was added 76.40 g (573 mmol) of AICl; at ambient tempera-
ture, and the mixture stirred. The solids react to produce a
homogenous liquid.
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Example 5 TABLE 2-continued
iCs—Stir Rate Effect at 350 rpm with [("Bu);P Time (h) 1.4 2.7 44 NA
(Hex)][ALClsBr] nC4-nC3 0.00 0.00 0.00 0.14
5 unknowns
A 300 mL stainless steel autoclave, stainless steel baffle,
and 75 mL stainless steel sample cylinder were dried ina 120° mm"lef (based
C. oven for at least 8 h. The dried autoclave and sample on wi. %)
cylinder were brought into a nitrogen glovebox and allowed 3P 0 0 0 0
to cool to ambient temperature. The autoclave was charged 1, C4P 124 179 236 0
with 50.39 g of [("Bu);P(Hex)|[Al,ClBr], and the autoclave C5P 1133 1033 928 1384
head was attached. To the sample cylinder, 1.451 g of Cop 79 115 148 0
2-chloro-2-methylpropane, which had previously been dried gg 1; 22 3 3 8
over activated sieves, was added. The sample cylinder was Co+ 12 12 14 0
closed under nitrogen, and both the autoclave and sample s OSN 0 0 0 0
cylinder were removed from the glovebox. The autoclave was C6N 0 0 0 0
charged with 119 g of iso-pentane from a pressurized feed CIN 0 0 0 0
charger without displacing the nitrogen present in the auto- g?: 3 3 3 8
clave. The iso-pentane passed over a high surface sodium CIA 0 0 0 0
column to remove any water before entering the autoclave. C8A 0 0 1 0
Similarly, the nitrogen used to pressurize the charger and for 20 nC4-nC5 0 0 0 2
all other work passed over a separate high surface sodium unknowns
column. The sample cylinder was charged with 18 g of iso-
pentane using the same method described above and attached Total mmoles 1374 1374 1372 1386
to the autoclave. The autoclave was heated to 55° C., and the
2-chloro-2-methylpropane/iso-pentane  solution in the 25 Example 6
sample cylinder was added with an over-pressure of nitrogen.
After complete addition, the initial pressure in the autoclave iC5—Stir Rate Effect at 700 rpm with [("Bu),P
was 145 psi (1 MPa), and the autoclave was then set to stir at (Hex)][AL,ClBr]
350 rpm. The reaction was monitored periodically by GC. In
order to analyze the paraffinic layer, the stirring was stopped, 3, A 300 mL stainless steel autoclave, stainless steel baffle,
and the product was allowed to settle for S minutes. An aliquot and 75 mL stainless steel sample cylinder were dried ina 120°
was sampled directly from the autoclave by opening a valve C. oven for at least 8 h. The dried autoclave and sample
from the autoclave, passing the paraffinic layer through a cylinder were brought into a nitrogen glovebox and allowed
Si0O, column, and then passing it directly into a GC sample to cool to ambient temperature. The autoclave was charged
loop. The mass ratio of liquid catalystto iso-pentane was 0.38 35 with 50.352 g of [("Bu);P(Hex)]|[Al,ClBr], and the auto-
and the volume ratio was 0.19. The mass rate of reaction was clave head was attached. To the sample cylinder, 1.453 g of
38, and the volume rate was 75 after 1.4 h. The results of the 2-chloro-2-methylpropane, which had previously been dried
run are shown in Tables 1 and 2. over activated sieves, was added. The sample cylinder was
TABLE 1
Disproportionation and Isomerization of iso-Pentane
at 55° C., 350 rpm, wt. % of reaction mixture
t % S.
(hy Comv. C3- iC4 nC4 iC5 nC5 C6P C7+ i/n  Disp. Sisoparagin
14 20 000 720 002 8046 131 684 413 112 93 82
27 28 001 1038 004 7248 204 993 509 994 92 84
44 36 00l 13.64 007 6429 270 1275 654 948 92 85
TABLE 2 50 closed under nitrogen, and both the autoclave and sample
cylinder were removed from the glovebox. The autoclave was
Time (h) 1.4 2.7 4.4 NA charged with 112 g of iso-pentane from a pressurized feed
Wt % feed charger without displacing the nitrogen present in the auto-
clave. The iso-pentane passed over a high surface sodium
c3p 0.00 0.01 0.01 0.00 55 column to remove any water before entering the autoclave.
cap 7.22 10.43 13.71 0.00 Similarly, the nitrogen used to pressurize the charger and for
C5P 81.77 74.53 66.99 99.86 . .
C6p 6.84 0.04 1274 0.00 all other work passed over a separate high surface sodium
C7P 1.67 247 3.32 0.00 column. The sample cylinder was charged with 15 g of iso-
C8P 0.52 0.73 1.00 0.00 pentane using the same method described above and attached
Co+ 1.56 1.51 1.80 0.00 60 to the autoclave. The autoclave was heated to 55° C. and the
gzg 8'88 8'88 8'88 8'88 2-chloro-2-methylpropane/iso-pentane  solution in the
P 001 0.00 0.00 0.00 sample cylinder was added with an over-pressure of nitrogen.
C8N 0.34 0.34 0.38 0.00 After complete addition, the initial pressure in the autoclave
C6A 0.00 0.00 0.00 0.00 was 115 psi (0.793 MPa), and the autoclave was then set to stir
C7A 0.00 0.00 0.00 0.00 65 at 700 rpm. The reaction was monitored periodically by GC.
C8A 0.05 0.05 0.05 0.00 In order to analyze the paraffinic layer, the stirring was

stopped, and the product was allowed to settle for 5 minutes.
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An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC
sample loop. The mass ratio of liquid catalyst to iso-pentane
was 0.40 and the volume ratio was 0.20. The mass rate of

26
Example 7

iC5—Stir Rate Effect at 1700 rpm with [(“Bu),P
(Hex)][AL,ClBr]

5
reaction was 47, and the volume rate was 93 after 1.5 h. The A 300 mL stainless steel autoclave, stainless steel baffle,
results of the run are shown in Tables 3 and 4. and 75 mL stainless steel sample cylinder were dried ina 120°
TABLE 3
Disproportionation and Isomerization of iso-Pentane
at 55° C., 700 rpm, wt. % of reaction mixture
t % S.
(h) Comv. C3- iC4 nC4 iC5 nCS C6P C7+ imn  Disp. Sipumapmn
15 28 002 1035 004 7207 194 983 574 105 93 83
27 39 002 1484 010 61.22 2.82 1335 7.65 95 93 84
44 52 003 2018 0.8 4798 3.66 1671 1125 91 93 84
TABLE 4 5o C- oven for at least 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
Time (h 1.5 2.7 4.4 NA .
ime () to cool to ambient temperature. The autoclave was charged
Wt. % feed with 50.398 g of [("Bu),P(Hex)][Al,Cl,Br], and the auto-
C3p 0.02 0.02 0.03 0.00 clave head was attached. To the sample cylinder 1.453 g of
c4p 10.39 14.93 20.35 000 2% 2-chloro-2-methylpropane, which had previously been dried
CsP 74.02 64.05 51.64 99.86 . : :
Cop 083 1334 1671 0.00 over activated §1eves, was added. The sample cylinder was
C7P 2.55 3.79 5.53 0.00 closed under nitrogen, and both the autoclave and sample
Csp 0.82 1.25 1.99 0.00 :
cylinder were removed from the glovebox. The autoclave was
Co+ 1.99 2.17 3.13 0.00 4 : : s ;
C5N 0.00 0.00 0.00 0.00 30 charged with 106 g of iso-pentane from a pressurized feed
CoN 0.00 0.00 0.00 0.00 charger without displacing the nitrogen present in the auto-
C7N 0.00 0.01 0.01 0.00 . . .
C8N 0.33 037 0.51 0.00 clave. The iso-pentane passed over a high surface sodium
C6A 0.00 0.00 0.00 0.00 column to remove any water before entering the autoclave.
CTA 0.00 0.00 0.01 0.00 . . .
C8A 0.06 0.06 0.0 000 35 Similarly, the nitrogen used to pressurize the charger anq for
nC4-nC5 0.00 0.00 0.00 0.14 all other work passed over a separate high surface sodium
unknowns column. The sample cylinder was charged with 23 g of iso-
mmoles (based pentane using the same method described above and attached
on wt. %) to the autoclave. The autoclave was heated to 55° C., and the
C3P 0 0 1 0 40" 2-chloro-2-methylpropane/iso-pentane  solution in the
gg 1(1);2 é;; ;ig 1382 sample cylinder was added with an over-pressure of nitrogen.
C6P 114 155 194 0 After complete addition, the initial pressure in the autoclave
gg 2; iff f; 8 was 139 psi (0.958 MPa), and the autoclave was set to stir at
Co+ 16 17 24 0 45 1700 rpm. The reaction was monitored periodically by GC. In
gzg 8 8 8 8 order to analyze the paraffinic layer, the stirring was stopped,
CIN 0 0 0 0 and the product was allowed to settle for S minutes. An aliquot
ggi 3 3 3 8 was sampled directly from the autoclave by opening a valve
CTA 0 0 0 0 50 from the autoclave, passing the paraffinic layer through a
Cg? o é é é g Si0, column, and then passing it directly into a GC sample
1 -1 . . . .
unknowns loop. The mass ratio of liquid catalyst to iso-pentane was 0.40
and the volume ratio was 0.20. The mass rate of reaction was
Total mmoles 1371 1370 1363 1386
41, and the volume rate was 82 after 2.5 h. The results of the
nm are shown in Tables 5 and 6.
TABLE 5
Disproportionation and Isomerization of iso-Pentane
at 55° C., 1700 rpm., wt. % of reaction mixture
t % S.
(h) Comv. C3- iC4 nC4 iC5 nCS C6P C7+ im Disp. Sipurapn
25 41 001 1570 013 58.64 294 1448 809 9.6 93 84
37 49 002 1955 019 50.66 3.51 1673 934 9.3 93 85
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TABLE 6 attached. To the sample cylinder 1.422 g of 2-chloro-2-me-
thylpropane, which had previously been dried over activated
Time (h) 2.5 3.7 NA . .
sieves, was added. The sample cylinder was closed under
Wt. % feed s nitrogen, and both the autoclave and sample cylinder were
c3p 0.01 0.02 0.00 removed from the glovebox. The autoclave was charged with
C4p 15.83 19.74 0.00 114 g of iso-pentane from a pressurized feed charger without
gzg fi‘ig ig% gg'gg displacing the nitrogen present in the autoclave. The iso-
C7P 406 497 0.00 pentane passed over a high surface sodium column to remove
csp 1.31 1.59 0.00 10 any water before entering the autoclave. Similarly, the nitro-
C9+ 2.30 2.33 0.00 .
P 000 000 0.00 gen used to pressurize thF: charger and for all other work
C6N 0.00 0.00 0.00 passed over a separate high surface sodium column. The
CTN 0.01 0.00 0.00 sample cylinder was charged with 16 g of iso-pentane using
C8N 0.36 0.39 0.00 .
C6A 0.00 0.00 0.00 the same method described above and attached to the auto-
} . . 15
C7A 0.00 0.01 0.00 clave. The autoclave was heated to 55° C., and the 2-chloro-
Cg? - 8'88 8'83 8'(1)2 2-methylpropane/iso-pentane solution in the sample cylinder
nC4-n X . . ; .
unknowns was added with an over-pressure of nitrogen. After complete
addition, the initial pressure in the autoclave was 140 psi
Em‘stle;()based 20 (0.965 MPa), and the autoclave was set to stir at 700 rpm. The
reaction was monitored periodically by GC. In order to ana-
gg 272 348 8 lyze the paraffinic layer, the stirring was stopped, and the
Csp 354 751 1384 product was allowed to settle for 5 minutes. An aliquot was
C6P 168 194 0 sampled directly from the autoclave by opening a valve from
gg ‘ﬁ fg 8 2 the autoclave, passing the paraffinic layer through a SiO,
o+ 18 18 0 column, and then passing it directly into a GC sample loop.
C5N 0 0 0 The mass ratio of liquid catalyst to iso-pentane was 0.40 and
ggg 8 8 8 the volume ratio was 0.20. The mass rate of reaction was 70,
C8N 3 3 0 and the volume rate was 140 after 0.5 h. The results of the run
are shown in Tables 7 and 8.
TABLE 7
Disproportionation and Isomerization of iso-Pentane at 55°
C., 700 rpm, Hastelloy C autoclave, wt. % of reaction mixture
t % S.
(h) Comv. C3- iC4 nC4 iC5 nCS C6P C7+ imn  Disp. Sipumapmn
05 14 000 504 001 8585 094 498 316 114 93 82
2.8 38 014 1404 011 6248 313 1289 7.08 81 92 83
45 54 0.03 2070 025 4632 441 1682 1145 7.6 92 82
TABLE 6-continued TABLE 8
45
Time (h) 2.5 3.7 NA Time (h) 0.5 2.8 45 NA
C6A 0 0 0 Wt. % feed
C7A 0 0 0
C8A 1 1 0 C3P 0.00 0.14 0.03 0.00
nC4-nCs 0 0 2 C4p 5.05 14.16 20.94 0.00
unknowns 30 Csp 86.79 65.61 5073 99.86
C6P 4.99 12.88 16.83 0.00
Total mmoles 1368 1371 1386 C7P 1.19 3.60 5.73 0.00
C8P 0.38 115 2.05 0.00
C9+ 1.30 2.07 3.08 0.00
C5N 0.00 0.00 0.00 0.00
55 C6N 0.00 0.00 0.00 0.00
Example 8 C7N 0.00 0.01 0.01 0.00
C8N 0.25 0.33 0.50 0.00
C6A 0.00 0.00 0.00 0.00
iC5—Stir Rate at 700 rpm with [(“Bu),P(Hex)] CTA 0.00 0.00 0.01 0.00
. o C8A 0.02 0.03 0.05 0.00
[Al,ClBr] in Hastelloy C Autoclave at 55° C. 60 LOAnCS 0.00 0.00 0.00 014
unknowns
A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and e hased
75 mL stainless steel sample cylinder were dried ina 120° C. mumoles (base
. . on wt. %)
oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to coolto 65 C3P 0 3 1 0
ambient temperature. The autoclave was charged with 50.416 c4p 87 244 360 0

g of [("Bu);P(Hex)|[ Al,ClgBr], and the autoclave head was
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TABLE 8-continued

30

700 rpm. The reaction was monitored periodically by GC. In
order to analyze the paraffinic layer, the stirring was stopped,

Time (h) 0.5 2.8 4.5 NA and the product was allowed to settle for S minutes. An aliquot
e 1203 909 03 384 was sampled directly from the autoclave by opening a valve
cop P 150 195 0 5 from the autoclave, passing the paraffinic layer through a
o7 12 36 57 0 Si0O, column, and then passing it directly into a GC sample
C8P 3 10 18 0 loop. The mass ratio of liquid catalyst to iso-pentane was 0.41
Co+ 10 16 24 0 and the volume ratio was 0.20. The mass rate of reaction was
C5N 0 0 0 0 150, and the volume rate was 310 after 0.6 h. The results of the
run are shown in Tables 9 and 10.
TABLE 9
Disproportionation and Isomerization of iso-Pentane at 55° C.,
700 rpm, with [1-butyl-3-methylimidazolium][Al,Cl,]
in a Hastelloy C autoclave, wt. % of reaction mixture
t % S.
(h) Comv. C3- iC4 nC4 iC5 nC5 C6P C7+ im Disp.  Sippmupm
0.6 37 001 1386 008 62.83 3.11 11.50 859 82 92 80
17 69 004 2755 056 3104 547 18.18 17.15 69 92 80
29 75 007 3133 110 2452 547 1813 1938 66 93 79
45 76 0.09 3231 1.56 2341 534 1837 1890 64 93 80
TABLE 8-continued 25 TABLE 10
Time (h) 0.5 2.8 45 NA Time (h) 0.6 1.7 2.9 4.5 NA
cav o000 Gy et
C8N 2 3 4 0
C6A 0 0 0 0 30 C3P 0.01 0.04 0.07 0.09 0.00
C7A 0 0 0 0 C4P 13.95 28.12 32.44 33.88 0.00
C8A 0 0 1 0 CsP 65.94 36.51 29.98 2875 99.86
nC4-nCS 0 0 0 2 C6P 11.50 18.17 18.12 18.38 0.00
unknowns C7P 3.68 7.80 8.61 8.65 0.00
Total mmoles 1375 1371 1364 1386 35 8F 1.37 3.36 418 425 0.00
C9+ 3.01 5.09 5.43 5.09 0.00
C5N 0.00 0.00 0.00 0.00 0.00
C6N 0.00 0.00 0.00 0.00 0.00
Example 9 CIN 0.01 0.01 0.01 0.01 0.00
C8N 0.45 0.84 0.93 0.86 0.00
1C5—Stir Rate at 700 rpm with [l-Butyl-l-meth- 40 C6A 0.00 0.00 0.00 0.00 0.00
yhmldazohum] [A12C17] at 55°C.ina Hastelloy C C7A 0.00 0.03 0.04 0.04 0.00
Autoclave C8A 0.08 0.06 0.23 0.06 0.00
nC4-nCs 0.00 0.00 0.00 0.00 0.14
A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and unknowns
75 mL stainless steel sample cylinder were driedina 120° C. 45
oven for at least 8 h. The dried autoclave and sample cylinder mmoles (based
were brought into a nitrogen glovebox and allowed to cool to on wt. %)
ambient temperature. The autoclave was charged with 55.310
g of [1-butyl-1-methylimidazolium][Al,C,], and the auto- c3p 0 1 2 2 0
clave head was attached. To the sample cylinder 2.311 g of 50 C4P 240 484 558 583 0
2-chloro-2-methylpropane, which had previously been dried Csp o4 506 416 398 1384
over activated sieves, was added. The sample cylinder was cer 133 211 210 213 0
closed under nitrogen, and both the autoclave and sample cre 37 78 86 86 0
cylinder were removed from the glovebox. The autoclave was cap 12 » 37 ¥ 0
. . . C9+ 23 40 42 40 0
charged with 111 g of iso-pentane from a pressurized feed 55
. . . . . C5N 0 0 0 0 0
charger without displacing the nitrogen present in the auto- CON o o o o o
clave. The iso-pentane passed over a high surface sodium N 0 0 0 0 0
column to remove any water before entering the autoclave. O8N 4 7 g g 0
Similarly, the nitrogen used to pres surize the charger anq for COA 0 0 0 0 0
all other work passed over a separate high surface sodium 60 7, 0 0 0 0 0
column. The sample cylinder was charged with 28 g of iso- C3A 1 1 2 1 0
pentane using the same method described above and attached nC4-nC5 0 0 0 0 5
to the autoclave. The autoclave was heated to 55° C., and the unknowns
2-chloro-2-methylpropane/iso-pentane  solution in the
sample cylinder was added with an over-pressure of nitrogen. 65 Total mmoles 1365 1357 1361 1368 1386

After complete addition, the initial pressure in the autoclave
was 150 psi (1.034 MPa), and the autoclave was set to stir at
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Example 10

iC5 [("Bu);P(Hex)][Al,ClBr] in Hastelloy C Auto-
clave at 95° C.

A 300 mL Hastelloy C autoclave. Hastelloy C baffle, and
75 mL stainless steel sample cylinder were dried ina 120° C.
oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 50.419
g of [("Bu);P(Hex)|[ AL,ClgBr], and the autoclave head was
attached. To the sample cylinder 3.680 g of 2-chloro-2-me-
thylpropane, which had previously been dried over activated
sieves, was added. The sample cylinder was closed under
nitrogen, and both the autoclave and sample cylinder were
removed from the glovebox. The autoclave was charged with
102 g of iso-pentane from a pressurized feed charger without
displacing the nitrogen present in the autoclave. The iso-
pentane passed over a high surface sodium column to remove
any water before entering the autoclave. Similarly, the nitro-
gen used to pressurize the charger and for all other work
passed over a separate high surface sodium column. The
sample cylinder was charged with 15 g of iso-pentane using
the same method described above and then attached to the
autoclave. The autoclave was heated to 95° C., and the
the
sample cylinder was added with an over-pressure of nitrogen.

2-chloro-2-methylpropane/iso-pentane  solution in
After complete addition, the initial pressure in the autoclave
was 165 psi (1.138 MPa), and the autoclave was set to stir at
1700 rpm. The reaction was monitored periodically by GC. In
order to analyze the paraffinic layer, the stirring was stopped,
and the product was allowed to settle for S minutes. An aliquot
was sampled directly from the autoclave by opening a valve
from the autoclave, passing the paraffinic layer through a
SiO, column, and then passing it directly into a GC sample
loop. The mass ratio of liquid catalystto iso-pentane was 0.46
and the volume ratio was 0.23. The mass rate of reaction was
260, and the volume rate was 520 after 0.6 h. The results of the
run are shown in Tables 11 and 12.

TABLE 11

TABLE 12-continued
Time (h) 0.6 1.8 3.1 4.6 NA
C7P 7.66 8.19 7.96 7.56 0.00
5 C8p 3.42 3.88 3.79 3.57 0.00
C9+ 9.74 4.63 4.04 3.81 0.00
C5N 0.00 0.00 0.00 0.00 0.00
C6N 0.00 0.00 0.00 0.00 0.00
C7N 0.01 0.02 0.02 0.02 0.00
C8N 0.51 0.56 0.53 0.48 0.00
10 C6A 0.00 0.00 0.00 0.00 0.00
C7A 0.04 0.04 0.04 0.03 0.00
C8A 0.01 0.02 0.02 0.02 0.00
nC4-nCs 0.00 0.00 0.00 0.00 0.14
unknowns
15 mmoles (based
on wt. %)
C3P 8 19 24 27 0
C4P 508 613 630 649 0
CsP 451 403 400 398 1384
C6P 188 199 198 196 0
20 ¢7p 76 82 79 75 0
C8P 30 34 33 31 0
C9+ 76 36 31 30 0
C5N 0 0 0 0 0
C6N 0 0 0 0 0
C7N 0 0 0 0 0
25 C8N 5 5 5 4 0
C6A 0 0 0 0 0
C7A 0 0 0 0 0
C8A 0 0 0 0 0
nC4-nCs 0 0 0 0 2
unknowns
30
Total mmoles 1343 1391 1402 1411 1386
Example 11
35
nCS5 with [("Bu);P(Hex)][Al,ClgBr] at 95° C.in a
Hastelloy C Autoclave
A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and
40 75 mL stainless steel sample cylinder were dried in a 120° C.

oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 50.409
g of [("Bu);P(Hex)][Al,Cl Br], and the autoclave head was
attached. To the sample cylinder 3.679 g of 2-chloro-2-me-

Disproportionation and Isomerization of iso-Pentane at 95° C., wt. % of reaction mixture

t % S. RVP
(h) Comv. C3- iC4 nC4 iC5 nC5 C6P C7+ i Disp. S pmem RON (psi)
0.6 72 037 2778 172 2832 42 1621 21.36 63 94 73 80.0 125
1.8 76  0.82 3173 391 23.66 54 17.15 1729 4.6 93 76 77.6 12.3
31 77 105 3150 512 2314 571 17.1 1638 40 92 74 ND ND
46 77 121 3156 614 2279 590 1691 1542 3.7 92 73 ND ND

TABLE 12 thylpropane, which had previously been dried over activated

6 sieves, was added. The sample cylinder was closed under

Time (h) 0.6 1.8 3.1 46 NA nitrogen, and both the autoclave and sample cylinder were

Wt. % feed removed from the glovebox. The autoclave was charged with

102 g of n-pentane from a pressurized feed charger without

cap 0.37 0.82 1.05 121 0.00 displacing the nitrogen present in the autoclave. The n-pen-

C4p 29.50 35.64 36.62 37.70 0.00 : .
Csp 351 29.06 28,85 2869  o9ogg 65 tanepassedoverahigh surface sodium column to remove any
C6P 16.22 17.16 17.10 16.91 0.00 water before entering the autoclave. Similarly, the nitrogen

used to pressurize the charger and for all other work passed
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over a separate high surface sodium column. The sample
cylinder was charged with 15 g of n-pentane using the same
method described above and then attached to the autoclave.
The autoclave was heated to 95° C., and the 2-chloro-2-
methylpropane/n-pentane solution in the sample cylinder was
added with an over-pressure of nitrogen. After complete addi-
tion, the initial pressure in the autoclave was 160 psi (1.103
MPa), and the autoclave was then set to stir at 1700 rpm. The
reaction was monitored periodically by GC. In order to ana-
lyze the paraffinic layer, the stirring was stopped, and the
product was allowed to settle for 5 minutes. An aliquot was
sampled directly from the autoclave by opening a valve from
the autoclave, passing the paraffinic layer through a SiO,
column, and then passing it directly into a GC sample loop.
The mass ratio ofliquid catalyst to n-pentane was 0.46 and the
volume ratio was 0.24. The mass rate of reaction was 130, and
the volume rate was 240 after 1 h. The results of the run are
shown in Tables 13 and 14.

TABLE 13

10

15

TABLE 14-continued

Time (h) 1.0 2.2 3.5 4.8 8.0 NA
C8A 1 1 0 0 0 0
nC4-nC5 0 0 0 0 0 5
unknowns

nC5-nCé6 0 0 0 0 0 1
unknowns

Total mmoles 1396 1403 1409 1413 1412 1386

Example 12

nCS5 with [1-butyl-1-methylpyrrolidinium][Al,Cl,] at
95° C.

A 300 mL Hastelloy C autoclave. Hastelloy C baffle, and
75 mL stainless steel sample cylinder were dried in a 120° C.
oven for at least 8 h. The dried autoclave and sample cylinder

Disproportionation and Isomerization of n-Pentane at 95° C., wt. % of reaction mixture

t % S.
(h) Comv. C3- iC4 nC4 iC5 nCS C6P C7+ im  Disp. Sipparapin  Sisomisom
10 59 042 1863 171 1946 4134 1027 814 169 67 90 33
22 70 094 227 3.08 20.83 2943 12.54 1030 121 70 87 30
35 76 091 251 406 21.56 2372 13.57 11.03 104 72 86 28
48 80  1.05 2639 478 21.83 2006 14.26 11.63 94 73 86 27
80 85 135 27.64 610 21.68 14.82 1478 12.84 80 74 83 25
TABLE 14 were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 52.795
Time (h) 1.0 2.2 35 43 8.0 NA 3 e
g of [1-butyl-1-methylpyrrolidinium][Al,Cl,] and the auto-
Wt. % feed clave head was attached. To the sample cylinder 5.24 g of
C3p 042 094 001 105 135 0.00 2-chloro-2-methylpropane which had previously been dried
c4p 2035 2578 29.16  31.17  33.74 0.00 over activated sieves, was added. The sample cylinder was
CsP 60.81 5026 4528 4190 36350  99.60 40 :
Cop 1027 1255 1350 1425 1478 0.00 clqsed under nitrogen, and both the autoclave and sample
C7P 4.17 517 567 596 6.24 0.00 cylinder were removed from the glovebox. The autoclave was
C8P 1.63 211 240 257 282 0.00 charged with 98 g of n-pentane from a pressurized feed
Co+ 202 271 238 267 410 0.00 . ; . . .
OSN 0.00 0.00 0.00 0.00 0.00 0.00 charger without displacing the nitrogen present in the auto-
CoN 0.00 000 000 000 000 0.00 45 clave. The n-pentane passed over a high surface sodium col-
C7N 0.01 002 002 002 002 0.00 . .
C8N 026 032 036 038 041 0.00 umn to remove any water before entering the autoclave. Simi-
C6A 0.00 000 0.00 000 0.0 0.00 larly, the nitrogen used to pressurize the charger and for all
CTA 0.01 002 002 002 002 0.00 : :
Caa 0.06 013 0.03 0.03 0.04 0.00 other work passed over a separate high §urface sodium col-
nC4-nC5 0.00 000  0.00 000  0.00 034 _ umn. The sample cylinder was charged with 33 g of n-pentane
ulél;mvcvgs 0.00 000 000 000 000 005 using the same method described above and attached to the
Enkl;lolwns ’ ’ ' ’ ' ’ autoclave. The autoclave was heated to 95° C. and the
2-chloro-2-methylpropane/n-pentane solution in the sample
mmotlef/()based cylinder was added with an over-pressure of nitrogen. After
on wt. Yo I o el .
55 complete addition, the initial pressure in the autoclave was
c3p 10 21 21 24 31 0 260 psi (1.793 MPa), and the autoclave was set to stir at 1700
cap 350 444 502 536 580 0 . : L
Csp 3 607 8 oo 06 1380 rpm. The reaction was I.nomtored perl.od?cally by GC. Inorder
C6P 119 146 158 165 172 0 to analyze the paraffinic layer, the stirring was stopped, and
c7p 42 52 57 59 62 0 the product was allowed to settle for 5 minutes. An aliquot
ggf 12 ;? ;é ;i §§ 8 % was sampled directly from the autoclave by opening a valve
SN 0 0 0 0 0 0 from the autoclave, passing the paraffinic layer through a
C6N 0 0 0 0 0 0 Si0O, column, and then passing it directly into a GC sample
C7N 0 0 0 0 0 0 loop. The mass ratio of liquid catalyst to n-pentane was 0.44
N o 0 d the volume ratio was 0.21. Th te of reacti
CoA o o o o N o 65 andthe volume ratio was 0.21. The mass rate of reaction was
C7A 0 0 0 0 0 0 220, and the volume rate was 450 after 0.6 h. The results of the

run are shown in Tables 15 and 16.
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TABLE 15
Disproportionation and Isomerization of n-Pentane at 95° C. with [1-butyl-
1-methylpyrrolidinium][Al,Cl,], wt. % of reaction mixture
t % S. RVP
(hy Comv. C3- iC4 nC4 iC5 nC5 C6P C7+ in Disp. Sioparagin Siso-isom  RON  (psi)
0.6 57 049 1816 244 1855 4287 10.02 748 130 68 89 32 ND ND
19 84 122 2859 573 2201 1560 1475 1200 87 74 85 26 761 135
32 89 170 3042 7.0 21.66 10.57 1538 1254 71 76 83 24 771 132
44 91 196 3079 872 2131 9.06 1551 12.65 65 76 81 23 774 130
TABLE 16 Example 13
Time (h) 0.6 19 3.2 4.4 NA nC7—Stir Rate at 1700 rpm with [(“Bu);P(Hex)]|
20 [Al,Cl¢Br] at 55° C.-80° C. in a Hastelloy C Auto-
Wt. % feed clave
C3P 0.49 1.22 1.70 1.96 0.00
cap 20.60 34.32 38.12 39.51 0.00
Csp 6141 1761 12.23 10.37 99,60 A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and
c6P 10.02 14.76 15.39 15.50 0.00 2> 75mL stainless steel sample cylinder were dried in a 110° C.
¢ 3.93 6.04 6.24 625 0.00 oven for at least 8 h. The dried autoclave and sample cylinder
Csp 1.52 2.64 2.85 2.89 0.00 . .
Cor ) 207 500 505 0.00 were brought into a nitrogen glovebox and allowed to cool to
C5N 0.00 0.00 0.00 0.00 0.00 ambient temperature. The autoclave was charged with 50.425
CoN 0.00 0.00 0.00 0.00 0.00 3% o of [("Bu),P(Hex)][AL,Cl,Br], 201 mL of n-heptane (pre-
C7N 0.01 0.01 0.02 0.02 0.00 . . .
i 0.25 039 041 041 0.00 dried by storing over activated 3 A MS for several days? and
C6A 0.00 0.00 0.00 0.00 0.00 then the autoclave head was attached. The sample cylinder
C7A 0.01 0.02 0.02 0.02 0.00 was charged with 8.833 g of a 82.29 wt. % n-heptane and
8A 004 001 002 002 00035 1771 wt. % 2-chloro-2-methylpropane mixture, both of
nC4-nC5 0.00 0.00 0.00 0.00 0.34 ) ] ) ) ’
unknowns which had previously been dried over activated sieves. The
nC5-nC6 0.00 0.00 0.00 0.00 0.05 sample cylinder was closed under nitrogen, and both the
unknowns autoclave and sample cylinder were removed from the glove-
mmoles 40 box. The autoclave was heated to 55° C., and then the
(based on 2-chloro-2-methylpropane/n-heptane solution in the sample
wt. %) cylinder was added with an over-pressure of nitrogen. The
c3p 1 28 39 24 0 nitrogen used to provide this overpressure was passed over a
c4p 354 591 656 680 0 + high surface sodium column. After complete addition, the
csp 851 521 447 421 1380 initial pressure in the autoclave was 340 psi (2.34 MPa), and
cop 116 7 179 180 0 the autoclave was set to stir at 1700 rpm. The reaction was
c7P 39 60 62 62 0 . .
CRp 13 ” 25 2 0 monitored by GC. In order to analyze the paraffinic layer, the
ot 13 23 23 24 0 50 stirring was stopped, and the product was allowed to settle for
C5N 0 0 0 0 0 5 minutes. An aliquot was sampled directly from the auto-
C6N 0 0 0 0 0 clave by opening a valve from the autoclave, passing the
C7N 0 0 0 0 0 paraffinic layer through a SiO, column, and then passing it
C8N 2 4 4 4 0 . .
COA 0 0 0 0 0 55 directly into a GC sample loop. After about 24 the tempera-
CTA 0 0 0 0 0 ture was increased to 80° C. At the end of the reaction (45 h),
C8A 0 0 0 0 0 an aliquot was sampled directly from the autoclave by open-
nC4-nCs 0 0 0 0 5 ing a valve from the autoclave, passing the paraffinic layer
unknowns 0 through a SiO, column, and into a sample cylinder. The
nC5-nC6 0 0 0 0 1 . .
nknowns sample cylinder was then charged to about 300 psi using
nitrogen prior to offline analysis. The mass ratio of liquid
Total 1402 1421 1435 1441 1386 catalyst to n-heptane was 0.36 and the volume ratio was 0.20.
mmoles 65 The mass rate of reaction was 2, and the volume rate was 3

after 45 h. The results of the nm are shown in Table 17 and
were determined using the UOP980 method offline.
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TABLE 17
Disproportionation and Isomerization of n-heptane at 55-80° C., 1700 rpm,
with [("Bu);P(Hex)][Al,ClBr] in a Hastelloy C autoclave, wt. % of reaction mixture
S.
t % S.  Isom.
(h) Conv. C3- iC4 nC4 iC5 =nC5 C6P nC7 C7P CRP Heavies i/mn Disp. C7P
00 NA 000 000 000 004 000 000 99.25 99.55 0.00 NA NA NA
feed
( 45 ) 26 007 390 014 331 016 2.89 7344 15.14
Example 14 TABLE 19
nC7—Stir Rate at 1700 rpm with [1-Butyl-1-meth- 15 Time (h) 1.0 NA
ylimidazolium]|[Al,Cl,] at 95° C. in a Hastelloy C Wi % Feed
Autoclave
C3P 0.58 0.00
A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and C4p 8.52 0.00
50 mL stainless steel sample cylinder were dried ina 110° C. 20 csp 8.35 0.04
oven for at least 5 h and then placed in a glovebox antecham- cep 7.06 0.00
ber and evacuated over night. The autoclave and sample cyl- gg 6?; é 92'33
inder were then brought into a nitrogen glovebox. The auto- Cop L6 0.00
clave was charged with 55335 g of [1-butyl-1- C10P 140 0.00
methylimidazolium][Al,CL,], 211 mL of n-heptane (pre- 25 C10+ 243 0.00
dried by storing over activated 3 A MS for at least 1 week) and C5N 0.00 0.00
then the autoclave head was attached. The sample cylinder C6N 0.00 0.01
was charged with 15.358 g of a 62.30 wt. % n-heptane and CN 0.03 0.40
37.70 wt. % 2-chloro-2-methylpropane mixture, both of C8N 040 0.00
which had previously been dried over activated sieves. The 30 CoA 0.00 0.00
sample cylinder was closed under nitrogen, and both the g;i g'gi g'gg
autoclave and sample cylinder were removed from the glove- HCAnCS 0.00 ’
box. The autoclave was heated to 95° C. and then the 1C5-0C6 0.00 0.00
2-chloro-2-methylpropane/n-heptane solution in the sample unknowns
cylinder was added with an over-pressure of nitrogen. The 35
nitrogen used to provide this overpressure was passed over a mmoles
high surface sodium column. After complete addition, the (based on
initial pressure in the autoclave was 280 psi (1.93 MPa), and wt. %)
the autoclave was set to stir at 1700 rpm. The reaction was
monitored by GC. In order to analyze the paraffinic layer, the 40 843111; 14113 g
stirring was stopped, and the product was allowed to settle for Csp 116 1
5 minutes. An aliquot was sampled directly from the auto- 6P 2 0
clave by opening a valve from the autoclave, passing the C7P 661 993
paraffinic layer through a SiO, column, and then passing it C8P 29 0
directly into a GC sample loop. The mass ratio of liquid 43 CoP 13 0
catalyst to n-heptane was 0.40 and the volume ratio was 0.21. ciop 10 0
The mass rate of reaction was 110, and the volume rate was C10+ 16 0
210after 1 h. The results of the run are shown in Tables 18 and CN 0 0
19 and were determined using the UOP690 method. Alterna- ggg g 2
tively, the aliquot could be introduced to a sample cylinder, 30 P 4 0
after passing through the SiO, column, and analyzed offline. C6A 0 0
Ifthis method was used, after introduction of the sample to the CTA 1 0
sample cylinder, the cylinder would then be charged to about C8A 0 0
300 psi using nitrogen prior to offline analysis and analyzed nC4-nC5 0

using the UOP980 method.
TABLE 18

Disproportionation and Isomerization of n-heptane at 95° C., 1700 rpm, with [1-
butyl-3-methylimidazolium][Al,Cl,] in a Hastelloy C autoclave, wt. % of reaction mixture

t % nCs- S.

(h) Comv. C3- iC4 nC4 iC5 nC5 C6P nC7 C7P C8P nCl0 ClO+ im  Disp. Siroieom

0.0 NA 0.00 0.00 000 004 000 000 9925 99.55 0.00 NA NA
(feed)
1.0 44 0.58 7.63 089 758 077 7.06 66.21 326 3.07 243 15 77

NA

22
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TABLE 19-continued

Time (h) 1.0 NA

nC5-nC6 0 0
unknowns

40

nitrogen prior to offline analysis. The mass ratio of ionic
liquid to n-butane was 0.48 and the volume ratio of ionic
liquid:n-butane was 0.22 using the following densities: 1.22
g/mL for the liquid catalyst and 0.57 g/mL for n-butane. The
mass reaction rate was 5, and the volume reaction rate was 10.
The results of the run are shown in Table 20 and were deter-
mined using the UOP980 method.

TABLE 20

Disproportionation and Isomerization of n-butane at 95°

C., 1700 rpm, Hastelloy C autoclave, wt. % of reaction mixture

t
&y

%

Conv.

S. Isom.

C3- iC4 nC4 iC5 nC5 C6P C7+ i/n Disp. iC4

0
(feed)
35
27.0

0

7

0.01 0.18 99.09 0.00 0.00 0.00 060 NA NA NA

0.07
0.09

6.76
13.67

91.97
84.53

0.71
0.93

0.08
0.15

0.16
0.17

0.14
0.33

72 8
80 7

92
93

TABLE 19-continued

Time (h) 1.0 NA

Total
mmoles

1090 998

Example 15

nC4—Stir Rate at 1700 rpm with [("Bu),P(Hex)]
[Al,Cl¢Br] in Hastelloy C Autoclave at 95° C.-105°
C.

A 300 mL Hastelloy C autoclave. Hastelloy C baffle, and
75 mL stainless steel sample cylinder were dried ina 110° C.
oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 50.467
g of [("Bu);P(Hex)][Al,CI Br], and the autoclave head was
attached. To the sample cylinder 3.692 g of 2-chloro-2-me-
thylpropane, which had previously been dried over activated
sieves, was added. The sample cylinder was closed under
nitrogen, and both the autoclave and sample cylinder were
removed from the glovebox. The autoclave was charged with
103.1 g of n-butane from a pressurized feed charger without
displacing the nitrogen present in the autoclave. The sample
cylinder was charged with 10.9 g of n-butane using the same
method described above and attached to the autoclave. The
autoclave was heated to 105° C. and the 2-chloro-2-methyl-
propane/iso-pentane solution in the sample cylinder was
added with an over-pressure of nitrogen. The nitrogen used to
pressurize the charger and for all other work passed over a
separate high surface sodium column. After complete addi-
tion, the initial pressure in the autoclave was 420 psi (2.90
MPa), the autoclave was set to stir at 1700 rpm and the
temperature dropped to 101° C. The temperature was difficult
to maintain above 100° C. so the reaction was cooled to 95° C.
where it was easier to maintain temperature. The reaction was
in the 98-101° C. region for about 1 h before being allowed to
co0lto 95° C. The reaction was monitored periodically by GC
offline. In order to analyze the paraffinic layer, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and into a sample cylinder. The
sample cylinder was then charged to about 300 psi using

30

35

40

45

50

55

60

Example 16

iC4 and nC7 Reverse Disproportionation—Stir Rate
at 1700 rpm with [("Bu);P(Hex)][Al,ClBr] in Has-
telloy C Autoclave at 95° C.

A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and
75 mL stainless steel sample cylinder were dried ina 110° C.
oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 50.428
g of [("Bu),P(Hex)][Al,ClBr], 40.368 g of n-heptane (pre-
dried by storing over activated 3 A MS for several days) and
the autoclave head was attached. To the sample cylinder 1.501
g of 2-chloro-2-methylpropane, which had previously been
dried over activated sieves, and 12.868 g of n-heptane was
added. The sample cylinder was closed under nitrogen, and
both the autoclave and sample cylinder were removed from
the glovebox. The autoclave was charged with 65 g of iso-
butane from a pressurized feed charger without displacing the
nitrogen present in the autoclave. The autoclave was heated to
95° C., and the 2-chloro-2-methylpropane/n-heptane solution
in the sample cylinder was added with an over-pressure of
nitrogen. The nitrogen used to pressurize the charger and for
all other work passed over a separate high surface sodium
column. After complete addition, the initial pressure in the
autoclave was 360 psi (2.48 MPa) and the autoclave was set to
stir at 1700 rpm. The reaction was monitored periodically by
GC. In order to analyze the paraffinic layer, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC
sample loop. At the end of the reaction, an aliquot was
sampled directly from the autoclave by opening a valve from
the autoclave, passing the paraffinic layer through a SiO,
column, and into a sample cylinder. The sample cylinder was
then charged to about 300 psi using nitrogen prior to offline
analysis. The mass ratio of ionic liquid to hydrocarbon feed
was 0.44. The volume ratio of ionic liquid to hydrocarbon
feed was 0.22 using the following densities: 1.22 g/m[ forthe
liquid catalyst, 0.68 g/mL for n-heptane and 0.55 g mL for
isobutane. The mass reaction rate was 2, and the volume
reaction rate was 3 after 28 h. The mass reaction rate was 2
and the volume reaction rate was 3 after 21 h. The results of
the run are shown in Table 21 and were determined using the
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UOP980 method offline. The feed composition (t(0)) is based minutes, and the paraffinic layer was analyzed by GC. An
on the mass of the added reagents. aliquot was sampled directly from the autoclave by opening a
TABLE 21

Reverse Disproportionation of n-Heptane and iso-Butane at 95°
C., 1700 rpm, Hastelloy C autoclave, wt. % of reaction mixture

S.
t % S.  Isom.
(h) Conv. C3- iC4 =nC4 iC5 nC5 C6P nC7 Heavies i/m Disp. iC4

0 0 55 45 NA NA NA
(feed)
28 19 0.27 5699 138 3.16 008 170 2380 11.39

15
Example 17 valve from the autoclave, passing the paraffinic layer through
) ) a Si0, column, and then passing it directly into a GC sample
nC4/nC5—Stir Rate at 1700 rpm with [1-butyl-3- loop. The GC method employed was UOP690. Afterwards, a
methylimidazolium][AL,Cl,] in Hastelloy C Auto- liquid sample was removed by filtering through a SiO, col-
clave at 100° C. 20 2

umn into a sample cylinder. The liquid contained within the

A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and sample cylinder was pressurized Wit.h nitrggen to 300 psi
75 mL stainless steel sample cylinder were dried ina 110° C. (2.07 MPa) and was then analyzed offline using an analogous
oven for at least 8 h. The dried autoclave and sample cylinder method. During sampling, the reaction cooled to 91° C. After-
were brought into a nitrogen glovebox and allowed to cool to , Wards, the reaction was reheated to 100° C. with stirring at
ambient temperature. The autoclave was charged with 55.387 1700 rpm, which took 0.7 h to achieve, and the pressure at this
g of [1-butyl-3-methylimidazolium][Al,Cl,], and the auto-  point was 350 psi (2.41 MPa). The reaction was continued for
clave head was attached. 5.6 g of 2-chloro-2-methylpropane, an additional 17.6 h at this temperature, and the mixture was
which had previously been dried over activated 3 A molecular then analyzed is a similar manner. The results of the run are
sieves, was added to the sample cylinder. The sample cylinder 5, shown in Table 22 and were determined using the UOP690
was closed under nitrogen, and both the autoclave and sample method online. The mass ratio of liquid catalyst to hydrocar-
cylinder were removed from the glovebox. The autoclave was bon feed was 0.52, and the volume ratio was 0.23 using the

charged with 103 g of n-butane from a pressurized feed ; - -
charger without displacing the nitrogen present in the auto- following densities: 1.34 g/ml. for the liquid catalyst, 0.626

clave, but was then vented down to 86 g of n-butane. The 55 g/mL for n-pentane and 0.57 g/mL for n-butane. The mass
sample cylinder was charged with 31 g of n-pentane from a reaction rate was 650, and the volume reaction rate was 1500
pressurized feed charger without displacing the nitrogen after 0.1 h.

TABLE 22

Isomerization and disproportionation of a n-butane/n-pentane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

nC4- nC5- nC8  nC9-
C3P iC4 nC4 iC5 nC5 C6P C7P C8P nC5% nC6% nC9% nCl0? nCl0+?

HC
nC5¢ 0.00 0.00 0.00 0.03 99.05 0.00 0.00 0.00 0.88 0.03 0.00 0.00 0.00
nC4¢ 0.01 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00

time

d
0.1 0.44 15.52 52.06 11.64 13.97 3.87 0.81 049 0.64 0.11 0.11 0.06 0.05
184 435 4259 24.64 15.16 4.17 6.80 1.03 0.67 0.19 0.00 0.13 0.05 0.10

2 Composition of the pure hydrocarbon feed,
® Unknowns within these ranges

55
present in the sample cylinder. The autoclave was heated to Example 18
103° C. while stirring at 100 rpm. Once this temperature was
reached, stirring was stopped and the 2-chloro-2-methylpro- nC4/nC5—Stir Rate at 1700 rpm with [ 1-butyl-3-
pane/n-pentane solution in the sample cylinder was added methylimidazolium][Al,Cl,] in Hastelloy C Auto-
with an over-pressure of nitrogen. The nitrogen used to pres- 60 clave at 100° C.
surize the charger and for all other work passed over a sepa-
rate high surface sodium column. After complete addition, A 300 mL Hastelloy C autoclave. Hastelloy C baffle, and
the reaction mixture was stirred at 1700 rpm and the tempera- 500 mlL. stainless steel sample cylinder were driedina 110° C.
ture increased to 110° C. The pressure in the autoclave at this oven for at least 8 h. The dried autoclave and sample cylinder
point was 600 psi (4.14 MPa). After 0.1 h. during which time 65 were brought into a nitrogen glovebox and allowed to cool to
the temperature fluctuated from 104-111° C. stirring was ambient temperature. The autoclave was charged with 55.404

stopped, the reaction mixture was allowed to settle for 5 g of [1-butyl-3-methylimidazolium|[Al,C,], and the auto-
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clave head was attached. 11.821 g of 2-chloro-2-methylpro-
pane, which had previously been dried over activated 3 A
molecular sieves, was added to a 500 mL sample cylinder.
The sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The sample cylinder was charged with 61.9 g of n-pen-
tane, which was passed over a high surface sodium column
followed by 200.9 g of n-butane from a pressurized feed
charger. The sample cylinder was then charged to about 600
psi (4.14 MPa) with nitrogen. A portion of the stock solution
was analyzed by GC offline. The autoclave was charged with
130.3 g of the n-butane/n-pentane/2-chloro-2-methylpropane
stock solution at room temperature, without displacing the
nitrogen present in the autoclave. The initial temperature and
pressure were 26° C. and 340 psi (2.34 MPa). The reaction
mixture was set to stir at 1700 rpm while the autoclave was
heated to 100° C.; it took 1.2 h to reach temperature, and the
initial pressure was 980 psi (6.76 MPa). After a total of 18.8
h. the pressure was 1090 psi (7.52 MPa) within the autoclave.
At this time, the reaction mixture was cooled to 85° C. which
took 1.6 h. and it was then analyzed by GC. In orderto analyze
the paraffinic layer, the stirring was stopped, and the product
was allowed to settle for 5 minutes. An aliquot was sampled
directly from the autoclave by opening a valve from the
autoclave, passing the paraffinic layer througha SiO, column,
and then passing it directly into a GC sample loop. The GC
method employed was UOP690. Afterwards, a liquid sample
was removed by filtering through a SiO, column into a sample
cylinder. The liquid contained within the sample cylinder was
pressurized with nitrogen to about 300 psi (2.07 MPa) and
was then analyzed offline using an analogous method. The
results of the run are shown in Table 23 and were determined
using the UOP690 method. The GC of the feed (0.0 hin Table
23) is the wt. % of the components in the 500 mI, sample
cylinder, without integrating 2-chloro-2-methylpropane. The
mass ratio of liquid catalyst to hydrocarbon feed was 0.49,
and the volume ratio was 0.21 using the following densities:
1.34 g/mlL for the liquid catalyst, 0.626 g/mL for n-pentane
and 0.57 g¢/mL for n-butane. The mass reaction rate was 6, and
the volume reaction rate was 14 after 20.4 h.

TABLE 23

10

15

20

25

30

35

40

44

oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 55.394
g of [1-butyl-3-methylimidazolium][Al,Cl,] and the auto-
clave head was attached. 5.818 g of 2-chloro-2-methylpro-
pane, which had previously been dried over activated 3 A
molecular sieves, was added to the sample cylinder. The
sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 120 g of n-butane from
apressurized feed charger, which was then vented down to 94
g of n-butane in the autoclave. The sample cylinder was
charged with 15 g of n-butane from a pressurized feed charger
without displacing the nitrogen present in the sample cylin-
der. The autoclave was heated to 100° C. while stirring at 138
rpm. Once the temperature was achieved, stirring was
stopped, and the 2-chloro-2-methylpropane/n-butane solu-
tion in the sample cylinder was added with an over-pressure
of nitrogen. The nitrogen used to pressurize the charger and
for all other work passed over a separate high surface sodium
column. After complete addition, stirring was started again at
1700 rpm; the initial pressure in the autoclave was 540 psi
(3.72 MPa), and the temperature was 112° C. After 0.2 h,
during which time the temperature fluctuated from 98-112°
C. stirring was stopped, the reaction mixture was allowed to
settle, and the paraffinic layer was analyzed by GC. In order
to analyze the paraffinic layer, the stirring was stopped, and
the product was allowed to settle for 5 minutes. An aliquot
was sampled directly from the autoclave by opening a valve
from the autoclave, passing the paraffinic layer through a
Si0O, column, and then passing it directly into a GC sample
loop. The GC method employed was UOP690. Afterwards, a
liquid sample was removed by filtering through a SiO, col-
umn into a sample cylinder. The liquid contained within the
sample cylinder was pressurized with nitrogen to 300 psi
(2.07 MPa) and was then analyzed offline using an analogous
method. After GC analysis, the reaction was stirred at 1700
rpm and the temperature had cooled to 96° C. Reheating to
100° C. took 0.6 h. The reaction was continued for an addi-

Isomerization and disproportionation of a n-butane/n-pentane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nC8  nC9-
(hy C3P iC4 nC4 iC5 nC5 C6P C7P C8 nC5¢ nC6< nC9¢ nCl0¢ nClO+¢
0.0 001 0.13 73.81 0.01 2526 0.00 0.00 0.00 021 0.01 0.00 0.00 0.06
20.4 1.35 40.64 33.77 1340 3.78 530 0.73 0.57 0.08 0.00 0.10 0.04 0.09
@ Unknowns within these ranges
Example 19 tional 21.1 h at this temperature. The mixture was then ana-

nC4—Stir Rate at 1700 rpm with [1-butyl-3-meth-
ylimidazolium][Al,Cl,] in Hastelloy C Autoclave at
100° C.

A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and
75 mL stainless steel sample cylinder were dried ina 110° C.

60

65

lyzed in a similar manner. The results of the nm are shown in
Table 24 and were determined using the UOP690 method
online. The mass ratio of liquid catalyst to hydrocarbon feed
was 0.56, and the volume ratio was 0.24 using the following
densities: 1.34 g/mL for the liquid catalyst and 0.57 g/mL for
n-butane. The mass reaction rate was 240, and the volume
reaction rate was 570 after 0.2 h.
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TABLE 24

46

Isomerization and disproportionation of n-butane at 100° C.,
1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nCg&  nC9-
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8 nC5% nC6< nC9¢ nCl0® nClo+<
0.0 001 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00
0.2 037 2155 72771 3.04 077 079 0.19 031 011 0.00 0.02 0.00 0.05
21.9 0.85 5278 38.09 5.06 1.38 0.78 0.07 030 0.11 0.00 0.07 0.05 0.15
@ Unknowns within these ranges
Example 20 with nitrogen to 300 psi (2.07 MPa) and was then analyzed

nC4—Stir Rate at 1700 rpm with [1-butyl-3-meth-
ylimidazolium][Al,Cl,] in Hastelloy C Autoclave at
90° C.

A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and
75 mL stainless steel sample cylinder were dried ina 110° C.

15

offline using an analogous method. The results of the run are
shown in Table 25 and were determined using the UOP690
method online. The mass ratio of liquid catalyst to hydrocar-
bon feed was 0.52, and the volume ratio was 0.22 using the
following densities: 1.34 g/mlL. for the liquid catalystand 0.57
g/mL for n-butane. The mass reaction rate was 0.8, and the
volume reaction rate was 2 after 97 h.

TABLE 25

Isomerization and disproportionation of n-butane at 90° C.,
1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nC8- nC9-
(hy C3P iC4 nC4 iC5 nC5 C6P C7Pp C8P nC5¢ nC6“ nC9“ nCl0¢ nCl0+¢
0.0 0.01 017 99.71 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00
97 0.33 33.74 60.38 3.03 0.77 0.61 0.14 045 0.11 0.00 0.08 0.06 0.10
¢ Unknowns within these ranges
oven for at least 8 h. The dried autoclave and sample cylinder Example 21

were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 55.392
g of [1-butyl-3-methylimidazolium]|[Al,C,], and the auto-
clave head was attached. 5.823 g of 2-chloro-2-methylpro-
pane, which had previously been dried over activated 3 A
molecular sieves, was added to the sample cylinder. The
sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 117 g of n-butane from
a pressurized feed charger, which was then vented down to
101 g of n-butane in the autoclave. The sample cylinder was
charged with 15.7 g of n-butane from a pressurized feed
charger without displacing the nitrogen present in the sample
cylinder. The autoclave was heated to 90° C. with stirring at
115 rpm. Once the temperature had stabilized, stirring was
stopped, and the 2-chloro-2-methylpropane/n-butane solu-
tion in the sample cylinder was added with an over-pressure
of nitrogen. The nitrogen used to pressurize the charger and
for all other work passed over a separate high surface sodium
column. After complete addition, the initial pressure in the
autoclave was 320 psi (2.21 MPa), and the autoclave was set
to stir at 1700 rpm. After 97 h, stirring was stopped and the
reaction mixture was allowed to settle and the paraffinic layer
was analyzed by GC. In order to analyze the paraffinic layer,
the stirring was stopped, and the product was allowed to settle
for 5 minutes. An aliquot was sampled directly from the
autoclave by opening a valve from the autoclave, passing the
paraffinic layer through a SiO, column, and then passing it
directly into a GC sample loop. The GC method employed
was UOP690. Afterwards, a liquid sample was removed by
filtering through a SiO, column into a sample cylinder. The
liquid contained within the sample cylinder was pressurized
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nC4—Stir Rate at 1700 rpm with [1-butyl-3-meth-
ylimidazolium][ Al,Cl,] in Hastelloy C Autoclave at
100° C.

A 300 mL Hastelloy C autoclave, Hastelloy C baffle, and
500 mlL. stainless steel sample cylinder were driedina 110° C.
oven for at least 8 h. The dried autoclave and sample cylinder
were brought into a nitrogen glovebox and allowed to cool to
ambient temperature. The autoclave was charged with 55.390
g of [1-butyl-3-methylimidazolium|[Al,Cl,], and the auto-
clave head was attached. 8.754 g of 2-chloro-2-methylpro-
pane, which had previously been dried over activated 3 A
molecular sieves, was added to the 500 mL. sample cylinder.
The sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. Nitrogen and any other gaseous compounds were
removed from the autoclave by evacuation using standard
Schlenk techniques on a Schlenk line. The sample cylinder
was charged with 165 g of n-butane. The autoclave was
charged with 113 g of the n-butane/2-chloro-2-methylpro-
pane stock solution at room temperature. The initial tempera-
ture and pressure were 27° C. and 60 psi (0.41 MPa). The
reaction mixture was set to stir at 1700 rpm while the auto-
clave was heated to 100° C. It took 1 h to reach temperature,
and the pressure was 320 psi (2.21 MPa). After a total of 19.4
h. the pressure was 360 psi (2.48 MPa) within the autoclave.
At this time, the reaction mixture was analyzed by GC. In
order to analyze the paraffinic layer, the stirring was stopped,
and the product was allowed to settle for S minutes. An aliquot
was sampled directly from the autoclave by opening a valve
from the autoclave, passing the paraffinic layer through a
Si0O, column, and then passing it directly into a GC sample



US 9,096,482 B2

47

loop. The GC method employed was UOP690. Afterwards, a
liquid sample was removed by filtering through a SiO, col-
umn into a sample cylinder. The liquid contained within the
sample cylinder was pressurized with nitrogen to about 300
psi (2.07 MPa) and was then analyzed offline using an analo-
gous method. The results of the run are shown in Table 26 and
were obtained using the UOP690 method. The mass ratio of
liquid catalyst to hydrocarbon feed was 0.57, and the volume
ratio was 0.24 using the following densities: 1.34 g/mL. for the
liquid catalyst and 0.57 g/mL for n-butane. The mass reaction
rate was 4, and the volume reaction rate was 9 after 19.4 h.

TABLE 26

48

tion in the sample cylinder was added with an over-pressure
of nitrogen. The nitrogen used to pressurize the charger and
for all other work passed over a separate high surface sodium
column. Once the addition was complete, stirring was set to
1700 rpm. Initially, the temperature increased to 102° C. and
the pressure was 740 psi (5.10 MPa) within the autoclave.
During the first 0.6 h, the temperature fluctuated from
98-102° C. After this time, the temperature stabilized at 100°
C. and the initial pressure was 720 psi (4.96 MPa). After an
additional 7.2 h, the pressure had increased to 830 psi (5.72
MPa), and the reaction mixture was analyzed by GC (entry 2.
Table 27). In order to analyze the paraffinic layer, the stirring

Isomerization and disproportionation of n-butane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt % of feed and reaction mixture

time nC4- nC5- nC8  nC9- iC4/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P nC5¢ nC6< nC9¢ nCl0“ nClO+¢ nC4
0.0 001 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00
19.4 034 33.54 5891 410 1.09 1.04 019 041 0.08 0.00 0.04 0.03 0.08 0.57
@ Unknowns within these ranges
Example 22 25 was stopped, and the product was allowed to settle for 5

nC4—Stir Rate at 1700 rpm with [1-butyl-3-meth-
ylimidazolium][Al,Cl,] in Hastelloy C Autoclave at
100° C.

A300mlL Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, Hastelloy C
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for atleast 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 55.391 g of [1-butyl-3-methylimidazolium][Al,Cl,] and
the autoclave head was attached. 5.894 g of 2-chloro-2-me-
thylpropane, which had previously been dried over activated
3 A molecular sieves, was added to the sample cylinder. The
sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 104 g of n-butane from
a pressurized feed charger without displacing the nitrogen
present in the autoclave. The composition of the n-butane
feed is listed in Table 27, entry 1. The sample cylinder was
charged with 15.25 g of n-butane from a pressurized feed
charger without displacing the nitrogen present in the sample
cylinder. The autoclave was heated to 100° C. with stirring at
100 rpm. Once the temperature was reached, stirring was
stopped, and the 2-chloro-2-methylpropane/n-butane solu-
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minutes. An aliquot was sampled directly from the autoclave
by opening a valve from the autoclave, passing the paraffinic
layer through a Si0O, column, and then passing it directly into
a GC sample loop. The GC method employed was UOP690.
Afterwards, a liquid sample was removed by filtering through
a SiO, column into a sample cylinder. The liquid contained
within the sample cylinder was pressurized with nitrogen to
300 psi (2.07 MPa) and was then analyzed offline using an
analogous method. Once the stirring was recommenced, the
temperature increased to 113° C. and, after 0.6 h. it stabilized
at 100° C. with a pressure of 410 psi (2.83 MPa). The reaction
was continued for an additional 14.5 h at this temperature, and
the mixture was analyzed is a similar manner (entry 3, Table
27). Afterwards, the autoclave was cooled to ambient tem-
perature, and a portion of the product was vented off. Fresh
n-butane was added to the partially emptied autoclave. The
composition of this new mixture is shown in entry 4. Table 27.
The autoclave was then heated back to 100° C. with stirring at
1700 rpm, which took 1 hto achieve, and the pressure was 300
psi (2.07 MPa). After an additional 16.9 h of reaction, the
product was analyzed. The results of the nm are shown in
Table 27 and were determined using the UOP690 method
online. The mass ratio of liquid catalyst to hydrocarbon feed
was 0.51 and the volume ratio was 0.22 using the following
densities: 1.34 g/mL for the liquid catalyst and 0.57 g/mL for
n-butane. The mass reaction rate was 15, and the volume
reaction rate was 35 after 7.8 h.

TABLE 27

Isomerization and disproportionation of n-butane at 100° C.,
1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nCg&  nC9- iC4/

Entry (h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P nC5¢ nC6“ nC9¢ nCl0¢ nCl0+“ nC4
1 0.0 001 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00

2 7.8 097 52.69 39.890 418 1.13 0.62 0.07 0.23 0.12 0.00 0.00 0.00 0.05 1.32

3 229 138 57.72 33.11 519 141 070 0.05 0.18 0.2 0.00 0.00 0.00 0.07 1.74
4 22.9 066 31.01 64.14 3.03 075 035 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.48

5 40.8 0.72 50.72 4275 375 1.02 048 0.04 0.19 0.12 0.00 0.02 0.01 0.07 1.19

2 Unknowns within these ranges
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Example 23

nC4—Stir Rate at 1700 rpm with [1-butyl-3-meth-
ylimidazolium][Al,Cl,] in Hastelloy C Autoclave at
100° C. Using HCI1

A300mlL Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, and Hastelloy C
baffle were dried in a 110° C. oven for at least 8 h. The dried
autoclave and sample cylinder were brought into a nitrogen
glovebox and allowed to cool to ambient temperature. The
autoclave was charged with 55.390 g of [1-butyl-3-meth-
ylimidazolium]|[Al,Cl,], and the autoclave head was

10

50

and the reaction mixture heated to 120° C. It took 1.1 h to
reach temperature, and the pressure at this temperature was
500 psi (3.45 MPa). The reaction mixture was allowed to
continue to react at this temperature for an additional 13.5 h.
At this time, the pressure within the autoclave was 510 psi
(3.52 MPa). The reaction mixture was then cooled to 24° C.
and analyzed by GC (entry 4, Table 28). The results of the run
are shown in Table 28 and were determined using the
UOP690 method online. The mass ratio of liquid catalyst to
hydrocarbon feed was 0.47, and the volume ratio was 0.20
using the following densities: 1.34 g/mlL. for the liquid cata-
lystand 0.57 g/mL for n-butane. The mass reaction rate was 3,
and the volume reaction rate was 8 after 4.8 h.

TABLE 28

Isomerization and disproportionation of n-butane at 100-130° C. Using
HCI, 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nC8- nC9- iC4/ %
Entry (h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P nC5¢ nC6% nC9“ nCl0® nClo+¢ nC4  C4P Comv.
1 0.0 001 017 9971 0.00 000 000 000 000 010 000 000 000 000 000 0
2 48 001 737 9245 000 000 000 000 000 016 000 000 000 000 008 7
3307 034 5795 4095 046 013 000 000 002 012 000 000 000 000 142 59
4 453 211 59.83 3393 3.00 082 0.3 000 000 012 000 000 000 000 176 66
@ Unknowns within these ranges
attached. The autoclave was closed under nitrogen and Example 24
removed from the glovebox. Nitrogen and any other gaseous
compounds were removed from the autoclave by evacuation GC Method and Procedure for Offline Analysis

using standard Schlenk techniques and a Schlenk line. The
autoclave was charged with 2.5 g of anhydrous HCI at ambi-
ent temperature. Afterwards, 123 g of n-butane was added to
the autoclave from a pressurized feed charger. The reaction
mixture was set to stir at 1700 rpm, and the autoclave was
heated to 100° C. with stirring at 1700 rpm. It took 1.2 h to
reach temperature, and the initial pressure was 460 psi (3.17
MPa). After a total of 4.8 h, the pressure was 440 psi (3.03
MPa) within the autoclave, and an aliquot was removed for
GC analysis. In order to analyze the paraffinic layer, the
stirring was stopped, and the product was allowed to settle for
5 minutes. An aliquot was sampled directly from the auto-
clave by opening a valve from the autoclave, passing the
paraffinic layer through a SiO, column, and then passing it
directly into a GC sample loop. The GC method employed
was UOP690 (entry 2. Table 28). Entry 1 in Table 28 is the
composition of the butane feed. Afterwards, a liquid sample
was removed by filtering through a SiO, column into a sample
cylinder. The liquid contained within the sample cylinder was
pressurized with nitrogen to 300 psi (2.07 MPa) and was then
analyzed offline using an analogous method. Afterwards, stir-
ring was set to 1700 rpm, and the pressure was 320 psi (2.21
MPa). The reaction was continued for an additional 17.0 h the
pressure was 320 psi (2.21 MPa) and had not increased. The
reaction temperature was increased to 120° C.; it took 1 h to
reach temperature. At this temperature, the pressure within
the autoclave was 510 psi (3.52 MPa). The reaction was
stirred at this temperature for 3.9 h, and the pressure had
increased to 530 psi (3.65 MPa). The temperature was then
increased to 130° C. It took 0.5 hto reach temperature, and the
reaction was allowed to continue at that temperature for an
additional 2.7 h. Afterwards, the temperature was decreased
to 100° C.; it took 0.7 h to reach temperature. After maintain-
ing the temperature at 100° C. for 0.1 h, the pressure within
the autoclave was 350 psi (2.41 MPa), and the product mix-
ture was analyzed in a similar manner (entry 3, Table 28), as
discussed above. Afterwards, stirring was set to 1700 rpm,

35

40

45

55

60

65

The sample cylinder containing the hydrocarbon product
was positioned so that it was held vertically in a hood or
well-vented area and connected to the GC by means of /16"
stainless steel capillary tubing. The capillary tubing led to an
LPG injection valve with a 0.5 uLL sample loop. The exit of the
injection valve used 14" translucent FEP Teflon rated to 500
psig, which was connected to a shutoff valve, which then led
to avent. The injection valve was put into the fill position, and
the vent shut-off valve was closed. The bottom valve on the
sample cylinder was opened, and the vent shut-off valve was
partially opened to permit the flow of the hydrocarbon prod-
uct. Once the entrained bubbles are no longer observed in the
translucent tubing, the vent shut-off valve was closed. The
sample was injected immediately by switching the injection
valve to the injection position, and starting the integrator and
the column temperature programming sequence. The injec-
tion valve remains in the inject position for the duration of the
sample run. The valve on the sample cylinder was immedi-
ately closed, and the vent shut-off valve was opened to vent
the sampling system. The GC column used was a 100 m 0.25
mm ID fused silica capillary column, internally coated to a
film thickness of 0.5 um with crosslinked dimethyl polysilox-
ane, Petrocol D H, Supelco. Cat. No. 24160-U. The GC
method used a flame ionization detector. The carrier gas was
hydrogen and operated in the constant pressure mode at an
equivalent flow at 34° C. of 2.3 mL/min. The split flow rate
was 200 m[/min. and the injection port temperature was 215°
C. The initial column temperature was 34° C., and it was held
for 15 minutes at this temperature. The temperature was then
ramped to 75° C. at 8° C./min ramp rate and held at 75° C. for
15 minutes. The temperature was then ramped to 250° C. at
20° C./min ramp rate and held at 250° C. for 22 minutes. The
detector temperature was 250° C. with a hydrogen flow rate of
30 ml/min and an air flow rate of 400 m[./min. The makeup
gas can be either nitrogen or helium and was set at 30 m[./min.
There were 76 components identified.
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Example 25

Modification of the GC Method Used for Analysis of
the Reaction with the FT Wax

The GC method used to quantify the products from the
reaction with the FT wax was a modification of the UOP690
method used for online analysis. The inlet temperature was
increased to 265° C. and the run time and temperature were
increased. Atthe end of the temperature program employed in
the UOP690 method, instead of ending the run, the tempera-
ture was increased to 315° C. ata ramp rate of 20° C./min and
held at that temperature for 35 minutes.

Example 26
nC4/nC7—Stir Rate at 1700 rpm with [1-butyl-3-

methylimidazolium][Al,C,] in Hastelloy C Auto-
clave at 100° C.

A300mlL Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, Hastelloy C
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stirring was stopped, and the product was allowed to settle for
5 minutes. An aliquot was sampled directly from the auto-
clave by opening a valve from the autoclave, passing the
paraffinic layer through a SiO, column, and then passing it
directly into a GC sample loop. The GC method employed
was UOP690. Afterwards, a liquid sample was removed by
filtering through a SiO, column into a sample cylinder for
offline GC analysis. The liquid contained within the sample
cylinder was pressurized with nitrogen to about 300 psi (2.07
MPa) and was then analyzed offline using an analogous
method as described above. The reported results are those
from the offline analysis and are depicted in Table 29. This
procedure was repeated two more times and the results are
reported in Table 29. After stirring was recommenced, the
temperature stabilized at 100° C. after an additional 42 min-
utes of reaction. The mass ratio of liquid catalyst to hydro-
carbon feed was 0.34, and the volume ratio was 0.15 using the
following densities: 1.34 g/ml. for the liquid catalyst, 0.684
g/mL for n-heptane and 0.57 g/mL for n-butane.

TABLE 29

Reverse disproportionation of an n-butane/n-heptane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(hy C3P iC4 nC4 iC5 nC5 C6P C7p C8P Other* C4P C5P nC4 nCS5
NA 0.01 017 99.71 0.00 0.00 0.00 0.00 0.00 0.11  99.88 0.00 0.00 NA
0.0 0.0 0.0 90.1 0.0 0.0 0.0 9.9 0.0 0.0 90.1 0.0 00 NA
0.1 071 12.67 7335 4.15 0.67 1.81 5.83 0.38 043 86.02 482 017 6.19
45 236 4053 38.24 10.74 2.83 3.60 0.81 049 040  78.77 13.57 1.06 3.80
17.6 525 50.62 26.53 10.77 2.77 289 037 0.23 0.57 77.15 1354 191 3.89
“Other compounds present,
bot. % composition at t = 0 h is based on mass of added reagents
baftle, and 75 mL stainless steel sample cylinder were dried in Example 27

a110°C. oven for atleast 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.339 g of [1-butyl-3-methylimidazolium][Al,Cl,],
and the autoclave head was attached. The 75 mL sample
cylinder was charged with 4.024 g of 2-chloro-2-methylpro-
pane and 12.228 g of n-heptane, both compounds having
previously been dried over activated 3 A molecular sieves.
The sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 111 g of n-butane from
a pressurized feed charger without displacing the nitrogen
present in the autoclave. The composition of the n-butane
feed is listed in Table 29, entry 1. The autoclave was heated to
100° C. with stirring at 100 rpm. Once the temperature was
reached, stirring was stopped, and the 2-chloro-2-methylpro-
pane/n-heptane solution in the sample cylinder was added
with an over-pressure of nitrogen. The nitrogen used to pres-
surize the charger and for all other work passed over a sepa-
rate high surface sodium column. Once the addition was
complete, stirring was set to 1700 rpm. Initially, the tempera-
ture increased to 110° C., and the pressure was 460 psi (3.17
MPa) within the autoclave. After 8 minutes of stirring, the
temperature decreased to 105° C., and the pressure was 360
psi (2.48 MPa). After 8 minutes, stirring was stopped and the
paraffinic layer was analyzed by online and offline GC. In
order to analyze the paraffinic layer with online GC, the
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nC4/nC9—Stir Rate at 1700 rpm with [ 1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A 300ml. Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, Hastelloy C
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for at least 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.34 g of [ 1-butyl-3-methylimidazolium][ Al,Cl,], and
the autoclave head was attached. The 75 mL sample cylinder
was charged with 4.02 g of 2-chloro-2-methylpropane and
15.65 g of n-nonane, both compounds having previously been
dried over activated 3 A molecular sieves. The sample cylin-
der was closed under nitrogen, and both the autoclave and
sample cylinder were removed from the glovebox. The auto-
clave was charged with 111 g of n-butane from a pressurized
feed charger without displacing the nitrogen present in the
autoclave. The composition of the n-butane feed is listed in
Table 30, entry 1. The autoclave was heated to 100° C. with
stirring at 100 rpm. Once the temperature was reached, stir-
ring was stopped, and the 2-chloro-2-methylpropane/n-
nonane solution in the sample cylinder was added with an
over-pressure of nitrogen. The nitrogen used to pressurize the
charger and for all other work passed over a separate high
surface sodium column. Once the addition was complete,
stirring was set to 1700 rpm. Initially, the temperature
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increased to 105° C., and the pressure was 520 psi (3.58 MPa)
within the autoclave. After 9 minutes of stirring, the tempera-
ture decreased to 101° C. and the pressure was 355 psi (2.45
MPa). After 9 minutes, stirring was stopped, and the paraf-
finic layer was analyzed by online and oftline GC. In order to
analyze the paraffinic layer with online GC, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC
sample loop. The GC method employed was UOP690. After-
wards, a liquid sample was removed by filtering through a
Si0, column into a sample cylinder for offline GC analysis.
The liquid contained within the sample cylinder was pressur-
ized with nitrogen to about 300 psi (2.07 MPa) and was then
analyzed offline using an analogous method as described
above. The reported results are those from the offline analysis
and are depicted in Table 30. This procedure was repeated two
more times and the results are reported in Table 30. After
stirring was recommenced, the temperature stabilized at 100°
C. after an additional 27 minutes of reaction. The mass ratio
of liquid catalyst to hydrocarbon feed was 0.33, and the
volume ratio was 0.14 using the following densities: 1.34
g/mL for the liquid catalyst, 0.718 g/mL for n-nonane and
0.57 g/mL for n-butane.

TABLE 30
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previously been dried over activated 3 A molecular sieves.
The sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 89 g of n-butane from a
pressurized feed charger without displacing the nitrogen
present in the autoclave. The composition of the n-butane
feed is listed in Table 31, entry 1. The autoclave was heated to
100° C. with stirring at 100 rpm. Once the temperature was
reached, stirring was stopped, and the 2-chloro-2-methylpro-
pane/n-nonane solution in the sample cylinder was added
with an over-pressure of nitrogen. The nitrogen used to pres-
surize the charger and for all other work passed over a sepa-
rate high surface sodium column. Once the addition was
complete, stirring was set to 1700 rpm. Initially, the tempera-
ture increased to 114° C., and the pressure was 505 psi (3.48
MPa) within the autoclave. After 7 minutes of stirring, the
temperature decreased to 106° C. and the pressure was 400
psi (2.76 MPa). After 7 minutes, stirring was stopped, and the
paraffinic layer was analyzed by online and offline GC. In
order to analyze the paraffinic layer with online GC, the
stirring was stopped, and the product was allowed to settle for
5 minutes. An aliquot was sampled directly from the auto-
clave by opening a valve from the autoclave, passing the
paraffinic layer through a SiO, column, and then passing it
directly into a GC sample loop. The GC method employed

Reverse disproportionation of an n-butane/n-nonane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P 1nC9 C9+ Other” C4P C5P nC4 nCS
NA 0.01 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 99.88 0.00 0.00 NA
0.0° 0.0 0.0 87.6 0.0 0.0 0.0 0.0 0.0 124 0.00 0.0 90.1 0.0 0.0 NA
0.2 043 1331 71.62 527 0.76 2.04 0.86 057 4.14 059 0.41 8493 6.03 0.18 6.93
4.6 1.68 37.39 39.82 11.60 2.95 423 1.04 0.67 0.04 0.28 030 77.21 1455 094 3.93
21.1 338 48.92 27.50 11.82 3.05 397 059 035 0.01 0.19 022 7642 1487 1.78 3.88
“Other compounds present,
bwt, % composition at t = 0 h is based on mass of added reagents
40

Example 28

nC4/nC9—Stir Rate at 1700 rpm with [1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A300mlL Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, Hastelloy C
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for atleast 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.341 g of [1-butyl-3-methylimidazolium][Al,Cl,],
and the autoclave head was attached. The 75 mL sample
cylinder was charged with 4.038 g of 2-chloro-2-methylpro-
pane and 43.003 g of n-nonane, both compounds having
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was UOP690. Afterwards, a liquid sample was removed by
filtering through a SiO, column into a sample cylinder for
offline GC analysis. The liquid contained within the sample
cylinder was pressurized with nitrogen to about 300 psi (2.07
MPa) and was then analyzed offline using an analogous
method as described above. The reported results are those
from the offline analysis and are depicted in Table 31. This
procedure was repeated two more times and the results are
reported in Table 31. After stirring was recommenced, the
temperature stabilized at 100° C. after an additional 18 min-
utes of reaction. The mass ratio of liquid catalyst to hydro-
carbon feed was 0.32, and the volume ratio was 0.15 using the
following densities: 1.34 g/ml. for the liquid catalyst, 0.718
g/mL for n-nonane and 0.57 g/mL for n-butane.

TABLE 31

Reverse disproportionation of an n-butane/n-nonane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time ic4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P nC9 C9+ Other* C4P C5P nC4 nC3
NA 001 0.17 99.71 0.00 0.0 0.00 0.00 000 0.00 000 011 99.88 0.00 0.00 NA
0.0° 0.0 0.0 674 00 0.0 0.0 0.0 0.0 32.6 0.00 0.0 674 0.0 0.0 NA
0.1 0.54 1131 359.02 645 082 3.03 135 082 1476 137 053 7033 7.27 0.19 7.87



US 9,096,482 B2

TABLE 31-continued
Reverse disproportionation of an n-butane/n-nonane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture
time iC4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8&8 nC9 C9+ Other® C4P C5P nC4 nC3
4.6 1.03 2134 4576 1249 216 637 2.62 129 464 159 071 67.1 14.65 047 578
23.4 134 27.88 37.76 15.04 335 7.4 277 124 090 134 0.64 65.64 1839 0.74 449

“Other compounds present,
bt % composition at t = 0 h is based on mass of added reagents

Example 29

nC4/nC9—Stir Rate at 1700 rpm with [1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A300mlL Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector. Hastelloy C
baftle, and 150 mL stainless steel sample cylinder were dried
in a 110° C. oven for at least 8 h. The dried autoclave and
sample cylinder were brought into a nitrogen glovebox and
allowed to cool to ambient temperature. The autoclave was
charged with 38.34 g of [1-butyl-3-methylimidazolium]
[Al,Cl,], and the autoclave head was attached. The 150 mL
sample cylinder was charged with 4.02 g of 2-chloro-2-me-
thylpropane and 87.82 g of n-nonane, both compounds hav-
ing previously been dried over activated 3 A molecular sieves.
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paraffinic layer through a SiO, column, and then passing it
directly into a GC sample loop. The GC method employed
was UOP690. Afterwards, a liquid sample was removed by
filtering through a SiO, column into a sample cylinder for
offline GC analysis. The liquid contained within the sample
cylinder was pressurized with nitrogen to about 300 psi (2.07
MPa) and was then analyzed offline using an analogous
method as described above. The reported results are those
from the offline analysis and are depicted in Table 32. This
procedure was repeated two more times and the results are
reported in Table 32. After stirring was recommenced, the
temperature stabilized at 100° C. after an additional 38 min-
utes of reaction. The mass ratio of liquid catalyst to hydro-
carbon feed was 0.29, and the volume ratio was 0.14 using the
following densities: 1.34 g/ml. for the liquid catalyst, 0.718
g/mL for n-nonane and 0.57 g/mL for n-butane.

TABLE 32

Reverse disproportionation of an n-butane/n-nonane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P nCY C9+ Other® C4P CS5P nC4 nCS
NA 001 017 99.71 0.00 000 000 000 000 000 000 011 99.88 000 000 NA
0.0° 00 00 406 00 00 00 00 00 594 000 00 406 00 00 NA
01 033 772 3845 577 058 308 158 095 3861 216 077 4617 635 020 995
47 056 1203 3591 9.05 106 504 255 144 2822 323 091 4794 10.11 034 854
228 0.60 1344 3582 9.92 123 562 279 150 2469 346 093 4926 11.15 038 8.07
“Other compounds present,
bt % composition at t = 0 h is based on mass of added reagents
) ) 45
The sample cylinder was closed under nitrogen, and both the Example 30
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 60 g of n-butane from a nC4/nC16—Stir Rate at 1700 rpm with [1-butyl-3-
pressurized feed charger without displacing the nitrogen methylimidazolium][Al,Cl,] in Hastelloy C Auto-
present in the autoclave. The composition of the n-butane 50 clave at 100° C.

feed is listed in Table 32, entry 1. The autoclave was heated to
100° C. with stirring at 100 rpm. Once the temperature was
reached, stirring was stopped, and the 2-chloro-2-methylpro-
pane/n-nonane solution in the sample cylinder was added
with an over-pressure of nitrogen. The nitrogen used to pres-
surize the charger and for all other work passed over a sepa-
rate high surface sodium column. Once the addition was
complete, stirring was set to 1700 rpm. Initially, the tempera-
ture increased to 109° C., and the pressure was 460 psi (3.17
MPa) within the autoclave. After 7 minutes of stirring, the
temperature decreased to 104° C., and the pressure was 440
psi (3.03 MPa). After 7 minutes, stirring was stopped, and the
paraffinic layer was analyzed by online and offline GC. In
order to analyze the paraffinic layer with online GC, the
stirring was stopped, and the product was allowed to settle for
5 minutes. An aliquot was sampled directly from the auto-
clave by opening a valve from the autoclave, passing the
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A 300ml. Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, Hastelloy C
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for at least 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.34 g of [ 1-butyl-3-methylimidazolium][ Al,Cl,], and
the autoclave head was attached. The 75 mL sample cylinder
was charged with 3.9 g of 2-chloro-2-methylpropane and 27.1
g of n-hexadecane, both compounds having previously been
dried over activated 3 A molecular sieves. The sample cylin-
der was closed under nitrogen, and both the autoclave and
sample cylinder were removed from the glovebox. The auto-
clave was charged with 111 g of n-butane from a pressurized
feed charger without displacing the nitrogen present in the
autoclave. The composition of the n-butane feed is listed in
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Table 33, entry 1. The autoclave was heated to 100° C. with
stirring at 100 rpm. Once the temperature was reached, stir-
ring was stopped, and the 2-chloro-2-methylpropane/n-hexa-
decane solution in the sample cylinder was added with an
over-pressure of nitrogen. The nitrogen used to pressurize the
charger and for all other work passed over a separate high
surface sodium column. Once the addition was complete,
stirring was set to 1700 rpm. Initially, the temperature
increased to 105° C., and the pressure was 650 psi (4.48 MPa)
within the autoclave. After 18 minutes of stirring, the tem-
perature decreased to 98° C., and the pressure was 490 psi
(3.38 MPa). After 18 minutes, stirring was stopped and the
paraffinic layer analyzed by online and offline GC. In order to
analyze the paraffinic layer with online GC, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC
sample loop. The GC method employed was UOP690. After-
wards, a liquid sample was removed by filtering through a
SiO, column into a sample cylinder for offline GC analysis.
The liquid contained within the sample cylinder was pressur-
ized with nitrogen to about 300 psi (2.07 MPa) and was then
analyzed offline using an analogous method as described
above. The reported results are those from the offline analysis
and are depicted in Table 33. This procedure was repeated two
more times and the results are reported in Table 33. After
stirring was recommenced, the temperature stabilized at 100°
C. after an additional 40 minutes of reaction. The mass ratio
of liquid catalyst to hydrocarbon feed was 0.30, and the
volume ratio was 0.14 using the following densities: 1.34
g/mL for the liquid catalyst, 0.773 g/ml. for n-hexadecane
and 0.57 g/mL for n-butane.

TABLE 33
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with 38.342 g of [1-butyl-3-methylimidazolium]|[Al,Cl,],
and the autoclave head was attached. The 75 mL sample
cylinder was charged with 4.020 g of 2-chloro-2-methylpro-
pane and 12.232 g of n-heptane, both compounds having
previously been dried over activated 3 A molecular sieves.
The sample cylinder was closed under nitrogen, and both the
autoclave and sample cylinder were removed from the glove-
box. The autoclave was charged with 113 g of n-butane from
a pressurized feed charger without displacing the nitrogen
present in the autoclave. The composition of the n-butane
feed is listed in Table 34, entry 1. The autoclave was heated to
100° C. with stirring at 100 rpm. Once the temperature was
reached, stirring was stopped, and the 2-chloro-2-methylpro-
pane/n-heptane solution in the sample cylinder was added
with an over-pressure of nitrogen. The nitrogen used to pres-
surize the charger and for all other work passed over a sepa-
rate high surface sodium column. Once the addition was
complete, stirring was set to 1700 rpm. Initially, the tempera-
ture increased to 101° C., and the pressure was 500 psi (3.45
MPa) within the autoclave. After 9 minutes of stirring, the
temperature decreased to 99° C., and the pressure was 450 psi
(3.10 MPa). After 9 minutes, stirring was stopped, and the
paraffinic layer was analyzed by online and offline GC. In
order to analyze the paraffinic layer with online GC, the
stirring was stopped, and the product was allowed to settle for
5 minutes. An aliquot was sampled directly from the auto-
clave by opening a valve from the autoclave, passing the
paraffinic layer through a SiO, column, and then passing it
directly into a GC sample loop. The GC method employed
was UOP690. Afterwards, a liquid sample was removed by

Reverse disproportionation of an n-butane/n-hexadecane feed at 100°

C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8 nCl6 C9+ Other® C4P C5P nC4 nC3
NA 001 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.00 000 0.11 99.88 0.00 0.00 NA
0.0° 0.0 0.0 8.4 00 00 00 00 0.0 19.6 0.00 0.0 80.4 00 0.0 NA
0.3 041 1140 68.77 5.85 0.78 2.85 134 0.72 638 1.06 044 80.17 6.63 0.17 7.50
48 151 2624 3995 13.45 2.8 692 265 1.24 338 120 058 66.19 1633 0.66 4.67
235 236 3425 29.63 16.09 4.11 8.08 245 1.11 046 090 0.56 63.88 202 1.16 391

“Other compounds present,

bt % composition at t = 0 h is based on mass of added reagents

Example 31

nC4/nC7—Stir Rate at 1700 rpm with [1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A300mlL Hastelloy C autoclave equipped with a Hastelloy
C dipleg and Hastelloy B nut and connector, Hastelloy C
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for atleast 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
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filtering through a SiO, column into a sample cylinder for
offline GC analysis. The liquid contained within the sample
cylinder was pressurized with nitrogen to about 300 psi (2.07
MPa) and was then analyzed offline using an analogous
method as described above. The reported results are those
from the offline analysis and are depicted in Table 34. This
procedure was repeated two more times and the results are
reported in Table 34. After stirring was recommenced, the
temperature stabilized at 100° C. after an additional 38 min-
utes of reaction. The mass ratio of liquid catalyst to hydro-
carbon feed was 0.34, and the volume ratio was 0.15 using the
following densities: 1.34 g/ml. for the liquid catalyst, 0.684
g/mL for n-heptane and 0.57 g/mL for n-butane.
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Reverse disproportionation of an n-butane/n-heptane feed at 100°
C., 1700 rpm, Hastelloy C autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(hy C3P iC4 nC4 iC5 nC5 C6P C7p C8P Other” C4P C5P nC4 nCS5
NA 001 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.11 99.88 0.00 0.00 NA
0.0° 0.0 0.0 90.2 0.0 0.0 0.0 9.8 0.0 0.0 90.1 0.0 0.0 NA
0.2 0.63 13.31 73.09 4.25 0.64 1.82 537 0.39 0.50 8640 4.89 0.18 6.64
4.6 2.66 41.61 37.75 10.33 2.70 336 0.76 0.44 039 79.36 13.03 1.10 3.83
“Other compounds present,
bt % composition at t = 0 h is based on mass of added reagents
Example 32 15 the autoclave, passing the paraffinic layer through a SiO,

C3P/nC7—Stir Rate at 1700 rpm with [1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 110° C.

A300mlL Hastelloy B autoclave equipped with a Hastelloy
B dipleg and Hastelloy B nut and connector, Hastelloy B
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for atleast 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.341 g of [1-butyl-3-methylimidazolium][Al,Cl,],
and the autoclave head was attached. The 75 mL sample
cylinder was charged with 4.020 g of 2-chloro-2-methylpro-
pane and 12.233 g of n-heptane, both compounds having
previously been dried over activated 3 A molecular sieves.
The sample cylinder was closed under nitrogen, and both the

20

25

30

column, and then passing it directly into a GC sample loop.
The GC method employed was UOP690. Afterwards, a liquid
sample was removed by filtering through a SiO, column into
a sample cylinder for offline GC analysis. The liquid con-
tained within the sample cylinder was pressurized with nitro-
gen to about 300 psi (2.07 MPa) and was then analyzed oftline
using an analogous method as described above. The reported
results are those from the offline analysis and are depicted in
Table 7. The reaction mixture was then reheated to 110° C.
which took 1.7 h to stabilize at 110° C., and allowed to keep
reacting. This procedure was repeated one more time and the
results are reported in Table 35. The mass ratio of liquid
catalyst to hydrocarbon feed was 0.43, and the volume ratio
was 0.16 using the following densities: 1.34 g/mlL. for the
liquid catalyst, 0.684 g/mL for n-heptane and 0.49 g/mL. for
propane.

TABLE 35

Reverse disproportionation of a propane/n-heptane feed at 110°
C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time ic4/ iC5/
(hy C3P iC4 nC4 iC5 nC5 C6P C7p C8P Other” C4P C5P nC4 nCS5
NA 99.25 0.06 000 008 0.00 061 0.00 0.00 0.00 0.06 0.08 NA NA
0.0? 88.0 0.0 0.0 0.0 0.0 00 120 0.0 0.0 0.0 0.0 NA NA
3.6 86.80 6.07 230 244 0.64 116 046 0.04 0.09 8.37 3.08 264 3.81
214 8559 7.27 385 1.84 052 0.69 0.10 0.00 0.14 11.12 236 1.89 3.54
“Other compounds present,
bot. % composition at t = 0 h is based on mass of added reagents
autoclave and sample cylinder were removed from the glove- Example 33

box. The autoclave was charged with 86 g of propane from a
pressurized feed charger, displacing the nitrogen present in
the autoclave. The composition of the propane feed is listed in
Table 35, entry 1. The autoclave was heated to about 90° C.
with stirring at about 700 rpm. Stirring was then stopped, and
the 2-chloro-2-methylpropane/n-heptane solution in the
sample cylinder was added with an over-pressure of nitrogen.
The nitrogen used to pressurize the charger and for all other
work passed over a separate high surface sodium column.
Once the addition was complete, stirring was set to 1700 rpm,
and the mixture was heated to 110° C. It required 14 minutes
to bring the mixture from the initial temperature of 96° C. to
110° C. The pressure increased from 950 psi (6.55 MPa) to
1460 psi (10.07 MPa) during this time. After 3.6 h. the tem-
perature was decreased to 90° C., and the mixture was ana-
lyzed by online and offline GC. In order to analyze the par-
affinic layer with online GC, the stirring was stopped, and the
product was allowed to settle for 5 minutes. An aliquot was
sampled directly from the autoclave by opening a valve from
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nC4/nC5—Stir Rate at 1700 rpm with [ 1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A 300ml. Hastelloy B autoclave equipped with a Hastelloy
B dipleg and Hastelloy B nut and connector, Hastelloy B
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for at least 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.34 g of [1-butyl-3-methylimidazolium|[ Al,Cl.], and
the autoclave head was attached. The 75 mL sample cylinder
was charged with 4.02 g of 2-chloro-2-methylpropane and
9.44 g of n-pentane, both compounds having previously been
dried over activated 3 A molecular sieves. The sample cylin-
der was closed under nitrogen, and both the autoclave and
sample cylinder were removed from the glovebox. The auto-
clave was charged with 43 g of n-butane from a pressurized
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feed charger, without displacing the nitrogen present in the
autoclave. The composition of the n-butane feed is listed in
Table 36, entry 1. The autoclave was then charged with 92 g
of n-pentane from a pressurized feed charger, which passed
over a high surface sodium drier, without displacing the nitro-
gen. The autoclave was heated to 100° C. with stirring at 100
rpm. Once the temperature was achieved, stirring was
stopped, and the 2-chloro-2-methylpropane/n-pentane solu-
tion in the sample cylinder was added with an over-pressure
of nitrogen. The nitrogen used to pressurize the charger and
for all other work passed over a separate high surface sodium
column. Once the addition was complete, stirring was set to
1700 rpm. Initially, the temperature increased to 105° C. and
the pressure was 1240 psi (8.55 MPa) within the autoclave.
After 20 minutes of stirring, the temperature decreased to
100° C. and the pressure was 1050 psi (7.24 MPa). After 20
minutes, stirring was stopped, and the paraffinic layer was
analyzed by online and offline GC. In order to analyze the
paraffinic layer with online GC, the stirring was stopped, and
the product was allowed to settle for 5 minutes. An aliquot
was sampled directly from the autoclave by opening a valve
from the autoclave, passing the paraffinic layer through a
Si0O, column, and then passing it directly into a GC sample
loop. The GC method employed was UOP690. Afterwards, a
liquid sample was removed by filtering through a SiO, col-
umn into a sample cylinder for offline GC analysis. The liquid
contained within the sample cylinder was pressurized with
nitrogen to about 300 psi (2.07 MPa) and was then analyzed
offline using an analogous method as described above. The
reported results are those from the offline analysis and are
depicted in Table 36. This procedure was repeated one more
time and the results are reported in Table 36. The mass ratio of
liquid catalyst to hydrocarbon feed was 0.29, and the volume
ratio was 0.13 using the following densities: 1.34 g/mL. for the
liquid catalyst, 0.626 g/mL for n-pentane and 0.57 g/mL for
n-butane.

TABLE 36
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baftle, and a 50 mL stainless steel sample cylinder were dried
in a 110° C. oven for at least 8 h. The dried autoclave and
sample cylinder were then brought into a nitrogen glovebox.
The autoclave was charged with 38.34 g of [ 1-butyl-3-meth-
ylimidazolium][Al,Cl,] and 129.4 g of n-hexane, which had
previously been dried over activated 3 A molecular sieves,
and the autoclave head was attached. The 50 mL sample
cylinder was then charged with 4.02 g of 2-chloro-2-methyl-
propane, which had previously been dried over activated 3 A
molecular sieves, and 10.0 g of the n-hexane feed. The sample
cylinder was closed under nitrogen, and both the autoclave
and the sample cylinder were removed from the glovebox.
The composition of the n-hexane feed is listed in Table 37,
entry 1. The autoclave was then heated to 100° C. with stirring
at 300 rpm for 29 minutes, followed by stirring at 93 rpm for
30 minutes until the reaction temperature was reached. At this
point, stirring was stopped, and the 2-chloro-2-methylpro-
pane/n-hexane solution in the sample cylinder was added
with an over-pressure of nitrogen. The nitrogen used to pres-
surize the charger and for all other work passed over a sepa-
rate high surface sodium column. Once the addition was
complete, stirring was set to 1700 rpm. Initially, the tempera-
ture decreased to 96° C. after 6 minutes of stirring, and the
pressure was 340 psi (2.34 MPa) within the autoclave. After 6
minutes of reaction, the reaction mixture was analyzed by GC
(entry 2. Table 37). During the course of the reaction, the
reaction mixture was periodically analyzed online by GC.
The pressure within the autoclave varied from 320-340 psi
(2.21 to 2.34 MPa) at 100° C. during the course of the reac-
tion. In order to analyze the paraffinic layer, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-

Disproportionation/reverse disproportionation of an n-butane/n-pentane feed at
100° C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8P Other* C4P C5P nC4 nCS
NA 0.01 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.11 99.88 0.00 0.00 NA
0.0° 0.0 0.0 30.0 0.0 70.0 0.0 0.0 0.0 0.0 30.0 70.0 0.00 NA
03 072 14.79 22.71 15.64 33.98 7.65 243 0.79 1.29  37.50 49.62 0.65 0.46
23.6 401 33.20 18.26 1839 537 12.51 4.00 1.77 249 5146 2376 1.82 342
“Other compounds present,
bt % composition at t = 0 h is based on mass of added reagents

Example 34

nC6 Isomerization and Disproportionation—Stir
Rate at 1700 rpm with [1-butyl-3-methylimidazo-
lium][Al,Cl,] in Hastelloy B Autoclave at 100° C.

50

A300mlL Hastelloy B autoclave equipped with a Hastelloy >

B dipleg, Hastelloy B nut and connector and Hastelloy B

ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC
sample loop. The GC method employed was UOP690. The
mass ratio of liquid catalyst to hydrocarbon feed was 0.30,
and the volume ratio was 0.15 using the following densities:
1.34 g/mlL for the liquid catalyst and 0.659 g/mL for n-hex-
ane. The mass reaction rate was 760, and the volume reaction
rate was 1500 after 0.1 h.

TABLE 37

Isomerization and disproportionation of n-hexane at 100° C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nC6- nC7- nC8- nC9-
Entry (h) C3p C4p C5p nCé6 iC6 C7P C8P CIN C8N C8A nC5% nC6¢ nC7¢ nC8< nC9“ nCl0® nClo+?
1 0.0 0.00 0.00 0.00 98.02 134 0.60 0.00 0.00 0.00 0.00 0.03 0.00 000 000 0.00 0.00 0.01
2 0.1 0.21 3.84 494 7553 9.83 3.03 044 022 034 0.05 0.00 0.00 0.00 022 042 0.38 0.47
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TABLE 37-continued

Isomerization and disproportionation of n-hexane at 100° C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time nC4- nC5- nC6- nC7- nC8  nC9-
Entry (h) C3p C4pP C5P nC6 iC6 C7P C8P C7N C8N C8A nC5% nC6¢ nC7¢ nC8< nC9¢ nCl0“ nCl0+°?
3 1.2 073 12.20 1333 45.08 1492 6.62 1.63 0.7 0.80 0.09 0.02 000 000 000 132 1.12 1.55
4 4.0 0.80 13.26 14.58 38.16 1580 7.95 222 0.62 108 0.12 0.00 000 002 000 179 1.48 2.07

@ Unknowns eluting between the retention times for these normal paraffins and
% unknown eluting after nC10

Example 35

nC4/FT Wax—Stir Rate at 1700 rpm with [1-butyl-
3-methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A300mlL Hastelloy B autoclave equipped with a Hastelloy
B dipleg and Hastelloy B nut and connector, Hastelloy B

baftle, and 75 mL stainless steel sample cylinder were dried in 2

a110°C. oven for atleast 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged

15

(5.27 MPa). After 3.3 hours, stirring was stopped, and the
paraffinic layer was analyzed by online GC. In order to ana-
lyze the paraffinic layer with online GC, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC

0 sample loop. The GC method employed was UOP690. The

reported results are depicted in Table 38. This procedure was
repeated one more time and the results are reported in Table
38.

TABLE 38

Reverse disproportionation of an n-butane/FT wax feed at 100°
C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(hy C3P iC4 nC4 iC5 =nC5 C6P C7p C8P nCl8+ Other* C4P C5P nC4 nCS
NA 001 0.17 9971 0.00 0.00 0.00 0.00 0.00 0.00 0.11 99.88 0.00 0.00 NA
0.0° 00 0.0 86 0.0 70.0 0.0 0.0 0.0 14 0 86 0.0 000 NA
33 333 39.29 2620 1574 438 7.62 1.67 1.09 0.05 0.63 6549 20.12 150 3.59
19.5 8.08 35.52 20.16 16.94 4.78 10.20 2.24 1.18 0.15 0.75 55.68 21.72 1.76 3.54
“Other compounds present,
Pyt % composition at t = 0 h is based on mass of added reagents
with 38.34 g of [1-butyl-3-methylimidazolium][ Al,Cl,], and Example 36

the autoclave head was attached. The 75 mL sample cylinder
was charged with 23.62 g of a commercially available FT
wax. The sample cylinder was closed under nitrogen, and
both the autoclave and sample cylinder were removed from
the glovebox. The autoclave containing the ionic liquid was
then put under vacuum (50 mTorr, 6.7 Pa) and 2 g of anhy-
drous HCl was charged into the autoclave. The autoclave was
then charged with 115 g of n-butane from a pressurized feed
charger, without displacing the gases present in the autoclave.
The composition of the n-butane feed is listed in Table 38,
entry 1. The sample cylinder containing the FT wax was
charged with 10.51 g of n-butane, and the cylinder was then
heated to 80° C. in an oven. The autoclave was heated to 100°
C. with stirring at 100 rpm. Once the temperature was
achieved, stirring was stopped and the FT wax/n-butane solu-
tion in the sample cylinder was added with an over-pressure
of nitrogen. Not all of the material was added: about 29.39 g
ofthe material was added based on the mass difference within
the sample cylinder before and after addition. Assuming that
the material added was of similar composition to what was
initially present in the sample cylinder, 20.3 g of FT wax and
an additional 9.0 g of n-butane were added. The nitrogen used
to pressurize the charger and for all other work passed over a
separate high surface sodium column. Once the addition was
complete, stirring was set to 1700 rpm. Initially, the tempera-
ture increased to 102° C. and the pressure was 760 psi (5.24
MPa) within the autoclave. After 11 minutes of stirring, the
temperature stabilized at 100° C. and the pressure was 765 psi
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nC4/nC7—Stir Rate at 1700 rpm with [ 1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A 300ml. Hastelloy B autoclave equipped with a Hastelloy
B dipleg and Hastelloy B nut and connector, Hastelloy B
baftle, and 75 mL stainless steel sample cylinder were dried in
a110°C. oven for at least 8 h. The dried autoclave and sample
cylinder were brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.34 g of [ 1-butyl-3-methylimidazolium][ Al,Cl,], and
the autoclave head was attached. The 75 mL sample cylinder
was charged with 43.30 g of n-heptane, which had previously
been dried over activated 3 A molecular sieves. The sample
cylinder was closed under nitrogen, and both the autoclave
and sample cylinder were removed from the glovebox. The
autoclave containing the ionic liquid was then put under
vacuum (100 mTorr, 13.3 Pa) and 2 g of anhydrous HCI was
charged into the autoclave. The autoclave was then charged
with 85 g of n-butane from a pressurized feed charger, without
displacing the gases present in the autoclave. The composi-
tion of the n-butane feed is listed in Table 39, entry 1. The
autoclave was heated to 100° C. with stirring at 100 rpm.
Once the temperature was achieved stirring was stopped and
the n-heptane solution in the sample cylinder was added with
an over-pressure of nitrogen, 42.94 g was actually added. The
nitrogen used to pressurize the charger and for all other work
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passed over a separate high surface sodium column. Once the
addition was complete, stirring was set to 1700 rpm. Initially,
the temperature decreased to 96° C., and the pressure was 570
psi (3.93 MPa) within the autoclave. After 7 minutes of stir-
ring, the temperature increased to 101° C. and the pressure
was 540 psi (3.72 MPa). After 7 minutes, stirring was stopped
and the paraffinic layer analyzed by online GC. In order to
analyze the paraffinic layer with online GC, the stirring was
stopped, and the product was allowed to settle for 5 minutes.
An aliquot was sampled directly from the autoclave by open-
ing a valve from the autoclave, passing the paraffinic layer
through a SiO, column, and then passing it directly into a GC
sample loop. The GC method employed was UOP690. After
stirring was recommenced, the temperature stabilized at 100°
C. after an additional 33 minutes of reaction. The results are
depicted in Table 39. This procedure was repeated two more
times and the results are reported in Table 39. The mass ratio
of liquid catalyst to hydrocarbon feed was 0.32, and the
volume ratio was 0.14 using the following densities: 1.34
g/mL for the liquid catalyst, 0.684 g/mL for n-heptane and
0.57 g/mL for n-butane.

TABLE 39

10
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was then put under vacuum (90 mTorr, 12.0 Pa), and 2 g of
anhydrous HCl was charged into the autoclave. The autoclave
was then charged with 41 g of n-butane from a pressurized
feed charger, without displacing the gases present in the auto-
clave. The composition of the n-butane feed is listed in Table
40, entry 1. The autoclave was next charged with 96 g of
n-pentane, which passed over a high surface sodium drier,
from a pressurized feed charger, the mixture was stirred at
ambient temperature for 5 minutes, and the reaction mixture
was analyzed by online GC. In order to analyze the paraffinic
layer with online GC, the stirring was stopped, and the prod-
uct was allowed to settle for 5 minutes. An aliquot was
sampled directly from the autoclave by opening a valve from
the autoclave, passing the paraffinic layer through a SiO,
column, and then passing it directly into a GC sample loop.
The GC method employed was UOP690. After stirring was
recommenced, the mixture was heated to 100° C., which took
49 minutes to reach. Once the temperature reached 100° C.,

Disproportionation/reverse disproportionation of an n-butane/n-heptane feed at
100° C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(h) C3P iC4 nC4 iC5 nC5 C6P C7P C8 Other C4P C5P nC4 nC5
NA 001 0.17 99.71 0.00 0.00 0.00 0.00 0.00 0.11  99.88 0.00 0.00 NA
0.0° 0.0 0.0 66 0.0 700 0.0 34 0.0 0.0 66 0.0 0.00 NA
0.1 1.02 1206 47.16 8352 121 6.08 20.30 1.70 1.95 5922 973 026 7.04
5 3.19 3044 27.57 16.83 441 10.02 3.98 1.86 1.70  58.01 21.24 1.10 3.82
21.5 491 3456 21.19 17.66 4.97 10.63 2.98 1.61 1.49 5575 22.63 1.63 3.55

“Other compounds present,
bwt, % composition at t = 0 h is based on mass of added reagents

Example 37

nC4/nC5—Stir Rate at 1700 rpm with [ 1-butyl-3-
methylimidazolium][Al,Cl,] in Hastelloy C Auto-
clave at 100° C.

A300mlL Hastelloy B autoclave equipped with a Hastelloy
B dipleg and Hastelloy B nut and connector and a Hastelloy B

40

45

the pressure was 830 psi (5.72 MPa). After 27 minutes of
reaction at 100° C., the pressure was 910 psi (6.27 MPa). At
this point, the reaction mixture was analyzed by online GC
using the procedure described above. The reaction was con-
tinued at 100° C., and the results are depicted in Table 40. The
mass ratio of liquid catalyst to hydrocarbon feed was 0.29,
and the volume ratio was 0.13 using the following densities:
1.34 g/mlL for the liquid catalyst, 0.626 g/mL for n-pentane
and 0.57 g/mL for n-butane.

TABLE 40

Disproportionation/reverse disproportionation of an n-butane/n-pentane feed at
100° C., 1700 rpm, Hastelloy B autoclave, wt. % of feed and reaction mixture

time iC4/ iC5/
(hy C3P iC4 nC4 iC5 =nC5 C6P C7Pp C8P nC8+ Other* C4P C5P nC4 nC5
NA 001 0.17 9971 0.00 0.00 0.00 0.00 0.00 0.00 0.11 99.88 0.00 0.00 NA
0.0% 0.0 0.29 2349 092 7496 0.17 0.06 0.00 0.04 0.07 23.78 75.88 0.01 0.01
1.3 1.29 29.11 19.18 19.77 7.87 13.58 4.83 2.23 1.64 0.50 48.29 27.64 152 251
6.3 3.09 32.05 1827 1937 5.57 1375 418 2.05 1.33 0.34 50.32 2494 1.75 3.48
243 534 31.64 17.77 18.60 5.34 13.86 3.90 1.92 131 032 4941 2394 1.78 3.48
“Other compounds present,
byt % composition for the first GC recorded at ambient temperature
baftle were dried in a 110° C. oven for at least 8 h. The dried Example 38

autoclave was brought into a nitrogen glovebox and allowed
to cool to ambient temperature. The autoclave was charged
with 38.34 g of [1-butyl-3-methylimidazolium][ Al,Cl,], and
the autoclave head was attached. The autoclave was removed
from the glovebox. The autoclave containing the ionic liquid

65

Tuning Examples Using Above Data—C/H=0.41

The data shown in Table 41 are from Examples 33, 35 and
36 at the end of the run. As illustrated in these Examples, the
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feed C/H molar ratio is similar, so the product composition
should be similar at the end of the reaction if it is substantially
equilibrated even though the starting feed compositions are
significantly different.

TABLE 41

1 2 3
Feed (wt. %)
C3p 0.0 0.0 0.0
C4p 85.9 66.4 29.8
C5p 0.0 0.0 70.2
C6P 0.0 0.0 0.0
C7pP 0.0 33.6 0.0
C8P 0.0 0.0 0.0
C9+ 14.1 (FT Wax) 0.0 0.0
SUM 100.0 100.0 100.0
C/H 0.408¢ 0.412 0.412
Product (wt. %)
C3p 8.1 4.9 4.0
C4p 55.7 55.8 51.5
C5p 21.7 22.6 23.8
C6P 10.2 10.6 12.5
C7pP 2.2 3.0 4.0
C8P 1.2 1.6 1.8
C9+ 0.3 0.7 1.8
SUM 99.4 99.2 99.3
% C4P Conversion 35 16 -72
% C9+ Conversion >99 NA NA
% C7P Conversion NA 91 NA
% CS5P Conversion NA NA 66
Wt. % Selectivity
C3p 18 8 9
C4p 0 0 46
C5p 49 56 0
C6P 23 26 27
C7pP 5 0 9
C8P 3 5 4
C9+ 1 2 4
SUM 99 97 99

“Using the % C and % H values determined from analysis of the FT wax using the ASTM
D5291 method

Example 39
Tuning Examples Using Above Data—C/H=0.40

The data shown in Table 42 are from Examples 18, 26 and
27 at the end of the run. As illustrated in these Examples, the
feed C/H molar ratio is similar, so the product composition
should be similar at the end of the reaction if it is substantially
equilibrated even though the starting feed compositions are
significantly different.

TABLE 42
1 2 3

Feed (wt. %)
C3P 0.0 0.0 0.0
C4p 76.5 90.1 87.6
C5P 235 0.0 0.0
C6P 0.0 0.0 0.0
C7P 0.0 9.9 0.0
C8P 0.0 0.0 0.0
Co+ 0.0 0.0 12.4 (nC9)
SUM 100.0 100.0 100.0
C/H 0.404 0.403 0.406
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TABLE 42-continued

1 2 3
Product (wt. %)
C3p 1.4 52 3.4
Cc4p 74.4 77.1 76.4
C5p 17.2 13.9 14.9
Cop 53 2.9 4.0
C7pP 0.7 0.4 0.6
C8p 0.6 0.2 0.3
Co+ 0.2 0.1 0.2
SUM 99.8 99.8 99.8
% C4P Conversion 3 14% 13%
% CS5P Conversion 27 NA NA
% C7P Conversion NA 96 NA
% nC9 Conversion NA NA >99
Wt. % Selectivity
C3p 16 23 14
Cc4p 0 0 0
C5p 0 62 63
Cop 63 13 17
C7pP 9 0 2
C8p 7 1 1
Co+ 3 0 1
SUM 98 99 98

While at least one exemplary embodiment has been pre-
sented in the foregoing detailed description of the invention,
it should be appreciated that a vast number of variations exist.
It should also be appreciated that the exemplary embodiment
or exemplary embodiments are only examples, and are not
intended to limit the scope, applicability, or configuration of
the invention in any way. Rather, the foregoing detailed
description will provide those skilled in the art with a conve-
nient road map for implementing an exemplary embodiment
of the invention. It being understood that various changes
may be made in the function and arrangement of elements
described in an exemplary embodiment without departing
from the scope of the invention as set forth in the appended
claims.

What is claimed is:
1. A hydrocarbon conversion process comprising:

reverse disproportionating two hydrocarbon feeds, the first
hydrocarbon feed comprising one or more C,, alkanes
and the second hydrocarbon feed comprising one or
more C,, alkanes, where n=1-198, m=3-200, and m-n=2
or more, by contacting the first and second hydrocarbon
feeds with a liquid catalyst in a reaction zone under
reverse disproportionation conditions to form a product
mixture comprising at least one C,,, to C,,_; alkanes,
wherein an amount of at least one of the C, ., to C,,_,
alkanes in the product mixture is equal to or greater than
an amount of the at least one C,,, to C,,_, alkanes
formed from disproportionating the C,, alkane or C,,
alkane alone, wherein the liquid catalyst comprises an
ionic liquid and carbocation promoter;

wherein the ionic liquid comprises an organic cation and an
anion and wherein the organic cation is selected from the
group consisting of:
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where R®-R'! and R*®-R?! are independently selected from
C,-C,, hydrocarbons, C,-C,, hydrocarbon derivatives,
halogens, and H;

wherein the ionic liquid comprises an organic cation and an
anion and wherein the anion is selected from the group
consisting of AICL,~, ALCl,~, Al;Cl,,~, AICL,Br-,
ALCIBr, Al,Cl,Br, AlBr,”, AlL,Br,”, Al;Br,,7,
GaCl,~, Ga,Cl,”, Ga,Cl,,”, GaCl;Br", Ga,Cl;Br",
Ga;Cl,Br~, CuCl,~, Cu,Cl;~, Cu;Cl,~, ZnCl;~, FeCl; ™,
FeCl,”, Fe;Cl,~, PF~, and BF,~; and

wherein the carbocation promoter comprises 2-chloro-2-
methylpropane, 2-chloropropane, 2-chlorobutane,
2-chloro-2-methylbutane, 2-chloropentane, 1-chloro-
hexane, 3-chloro-3-methylpentane, hydrochloric acid,
or combinations thereof.

2. The process of claim 1 wherein n=1-4, m=5-12, and the
product mixture comprises at least one C, alkane where
n<z<m.

3. The process of claim 1 wherein n=1-9, m=6-16, and the
product mixture comprises at least one C, alkane where
n<z<m.

4. The process of claim 1 wherein n=1-10, m=6-25, and the
product mixture comprises at least one C, alkane where
n<z<m.
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5. The process of claim 1 wherein n=1-28, m=6-100, and
the product comprises at least one C, alkane where n<z<m.

6. The process of claim 1 further comprising stirring, mix-
ing, or agitating the hydrocarbon feed and the liquid catalyst
while contacting the hydrocarbon feed with the liquid cata-
lyst.

7. The process of claim 1 wherein a molar ratio of the
carbocation promoter to the ionic liquid is in a range of about
0:1 to about 3:1.

8. The process of claim 1 further comprising separating the
ionic liquid from the product mixture and regenerating the
separated ionic liquid.

9. The process of claim 1 further comprising: drying the
hydrocarbon feed before contacting the hydrocarbon feed
with the liquid catalyst; or treating the hydrocarbon feed to
remove one or more of alkenes, dienes, or nitriles; or both.

10. The process of claim 1 wherein a mass ratio of the ionic
liquid to the first and second hydrocarbon feeds is less than
about 0.75:1.

11. The process of claim 1 wherein the first hydrocarbon
feed comprises a mixture of at least two consecutive C,
alkanes, the second hydrocarbon feed comprises a mixture of
at least two consecutive C,, alkanes, or both.

12. The process of claim 1 wherein a conversion rate for
volume is at least about 60 in the absence of an added metal
salt.

13. The process of claim 1 wherein a concentration of acid
in the ionic liquid is less than about 2.5 M.

14. The process of claim 1 wherein the reverse dispropor-
tionation conditions comprise at least one of a temperature in
a range of —-20° C. to the decomposition temperature of the
ionic liquid, and a pressure in a range of about 0 MPa to about
20.7 MPa.



